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ABSTRACT 
Detailed geologic mapping of the Gilreath 7 .5-minute quadrangle recognizes the 
northernmost continuation of the Brindle Creek fault, a terrane boundary that separates 
Neoproterozic-Ordovician metasedimentary and metavolcanic rocks of the western 
Tugaloo terrane (western Inner Piedmont) from Silurian-Devonian metasedimentary 
rocks and Devonian-Mississippian anatectic granitoids of the Cat Square terrane (eastern 
Inner Piedmont). The Brindle Creek fault is folded in the study area and exposes the 
Ordovician Brooks Crossroads Granite in a reentrant. Low high-field strength element 
concentrations and a flatter rare earth element patterns typical of western Inner Piedmont 
granitoids, support a footwall setting for the Brooks Crossroads Granite. 
New geochemical analyses of Inner Piedmont amphibolites reveal a mixed 
volcanic arc and E-type MORB signature.for eastern Inner Piedmont amphibolite. These 
preliminary data suggests the Cat Square terrane may have originated in a back-arc basin 
influenced by E-type MORB volcanism during the waning stages of Middle Ordovician­
late Silurian volcanic arc magmatism in the western Inner Piedmont. 
Subduction of the Inner Piedmont beneath a W- to NW-advancing Carolina 
superterrane resulted in possible early kyanite-grade metamorphism (7 .0 to 8. 7 kbars 
and 630 to 695°C), followed by sillimanite I and II grade metamorphism. High­
temperature, upper amphibolite facies metamorphic conditions, in conjunction with 
pervasive migmatization, the presence of meso- and map-scale sheath folds, ubiquitous 
top-to-the SW shear-sense indicators, and protomylonitic to ultramylonitic deformation 
fabrics, suggests Inner Piedmont thrust sheets deformed as a viscous mass during SW­
directed flow in a sub-simple shear to extreme simple shear stress regime. These data 
support models that reconcile the SW-directed arcuate trend of Inner Piedmont stretching 
directions, with a tectonically forced flow path resulting from oblique subduction of 
Inner Piedmont thrust sheets beneath the W- to NW-advancing Carolina superterrane. 
Vll 
Flow was deflected to the southwest as Inner Piedmont thrust sheets buttressed against a 
primordial Brevard fault zone. Truncation of the Poplar Springs and Big Warrior sheath 
folds against the Brindle Creek fault indicates SW-directed displacement of ductile, Inner 
Piedmont crystalline thrust sheets was prior to final emplacement of Cat Square terrane 
rocks. 
viii 
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CHAPTER 1 :  AN OVERVIEW OF INNER PIEDMONT GEOLOGY 
Introduction 
The southern Appalachian Inner Piedmont (IP) comprises more than half of the 
Neoacadian orogenic core (Fig. 1- 1). It extends -100 km from the Brevard fault zone 
(BFZ) and western Tugaloo terrane (eastern Blue Ridge-EBR) to the northwest, to the 
central Piedmont suture to the southeast. Its northeast-southwest extent is -700 km, from 
the Sauratown Mountains window in North Carolina to the overlapping Coastal Plain 
sediments of Alabama (Fig. 1- 1) (Hatcher, 2002). Because of the misconception that 
there is little to no exposure in the IP, there was little detailed geologic mapping in this 
region and therefore a vital component of Appalachian tectonic history remained largely 
unknown. Studies of exhumed orogenic cores are fundamental for unraveling the deep­
seated crustal processes that occur in a mountain-building event. These processes are 
complex by nature, as original stratigraphy and rock fabrics are lost or obscured because 
of intense, polyphase deformation that often juxtaposes rocks of different affinities, and is 
accompanied by high-grade metamorphism and syntectonic intrusions. 
Recognizing there was excellent exposure and moderate relief (-150-335 m) in 
the northeastern IP, a recent series of studies spanning >15 years began in the Columbus 
Promontory, South Mountains, and Brushy Mountains of North Carolina (Davis et 
al., 1991;  Davis, 1993; Yanagihara, 1994; Bream, 1999; Giorgis, 1999 ; Hill, 1999; 
Williams, 2000; Bier, 2001; Kalbas, 2003; Merschat, 2003; Gatewood, 2006) (Fig. 1-2). 
This work, combined with earlier detailed mapping in GA-NC-SC (Overstreet, 1963a; 
1963b; Griffin, 1969; Hatcher, 1969; Hopson and Hatcher, 1988; Hopson, 1994), and the 
Sauratown Mountains window (Heyn, 1984; McConnell, 1990; Hatcher, unpublished), 
as well as reconnaissance mapping of the Winston-Salem, NC 1 ° x 2° sheet (Rankin 
et al., 1972; Espenshade et al., 1975), Charlotte, NC 1 ° x 2° sheet (Goldsmith et al., 
1988), Greenville, NC-SC-GA 1 ° x 2° sheet (Nelson et al., 1998), and Atlanta 1 ° x 30' 
1 
kilometers 
Figure 1 - 1 .  Simplified tectonic map of the southern Appalachians showing major 
tectonstratigraphic terranes. Abbreviations: Chatt. F.--Chattahoochee fault. DGB­
Dahlonega gold belt. err --Cartoogechaye terrane. CWT--Cowrock terrane. GB­
Grenville basement. GMW-Grandfather Mountain window. PMW-Pine Mountain 
window. SMW-Sauratown Mountains window. SRA-Smith River allochthon. TB­
Talladega belt. EC-Elkahatchee diorite complex (Middle Ordovician). From Hatcher 
(2002). 
2 
Figure 1-2. IP terrane map. (a) Index map showing location of Tugaloo and Cat Square 
terranes within the southern Appalachian orognic belt. Black box outlines aerial extent 
of (b ). See Fig. 1-1 for explanation of symbols and abbreviations. (b) Terrane map of 
the IP illustrating bounding faults, major internal thrust sheets, Paleozoic granitoids, 
amphibolite bodies and ampibolite-bearing units, and locations of detailed mapping in 
the South Mountains, Columbus Promontory and Brushy Mountains, NC IP. Amphibolite 
is differentiated according to terrane, with WIP amphibolite divided as follows: Poor 
Mountain Amphibolite as originally defined (dark green), interlayered phyllite, schist, 
and marble with varying proportions of PMA equivalents (green), and the Lenoir Quarry 
Migmatite (light green). Note spatial segregation of older, Silurian-Ordovician plutons 
in the WIP and younger, Devonian-Mississippian plutons in the EIP. Abbreviations: 
SMW-Sauratown Mountains window; SRA-Smith River allochthon. Faults: AA-Alto 
allochthon; AnF-Anderson; BCF-Brindle Creek; BFZ-Brevard; MF-Marion; MSF-
Mill Spring; PMF-Paris Mountain; RF-Ridgeway; RsF-Rosman fault; SMtF-Sugarloaf 
Mountain; SNF-Six-Mile-Seneca; WLF-Walhalla. Named Ordovician (purple) and 
Ordovician(?) (lighter purples) plutons of the WIP: Obc-Brooks Crossroads; Och­
Caesars Head; Od-Dysartsville; Oh-Henderson; Ot-Toccoa; an-Antreville; st-Starr. EIP 
Devonian plutons (light blue): Dt-Toluca Granite; Dwt-Walker Top Granite; rf-Rocky 
Face; sm-Sandy Mush; and Mississippian granitoids (darker blue): Mc-Cherryville; Mgc­
Gray Court; Mrr-Reedy River. Pennsylvanian granitoids (orange): Pe-Elberton; Ppm­
Pacolet Mills (Carolina terrane). Towns: An-Anderson; Gr-Greenville; Gs-Gainesville; 
Gw-Greenwood; Hk-Hickory; Hv-Hendersonville; Mg-Morganton; Sh-Shelby; Sp­
Spartanburg. Map modified from Hatcher (2002). 
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quadrangle (Higgins et al., 2003) now comprise a copious and continuous framework 
of high-quality structural, stratigraphic, and petrologic data. This field-based work, in 
addition to geochemical analyses (Davis, 1993; Yanagihara, 1994; Giorgis, 1999; Vinson, 
1999; Mapes, 2002; Bream, 2002, 2003; Bier, 2001; Kalbas, 2003), and sensitive high 
resolution ion microprobe (SHRIMP) and thermal ionization mass spectrometry (TIMS) 
age-dating techniques (Vinson, 1999; Carrigan et al., 2001; Mapes, 2002; Bream, 2003 ; 
Bream et al., 2004; Miller et al., 2006) have established a foundation for understanding 
the nature and timing of deformation, metamorphism and magmatism resulting from mid­
Paleozoic orogenesis. 
Geologic Setting 
The IP is now recognized as a series of W- and SW-vergent Type-F (fold-related) 
thrust sheets [Osberg et al., 1989 ; Davis, 1993; Hatcher, 1993; 2002; Bream, 2003; 
Merschat et al., 2005; Hatcher and Merschat, (in press)] composed of polydeformed, 
upper-amphibolite facies para- and orthogneisses and mafic rocks intruded by plutons 
of granodiorite and granite compositions. The Brindle Creek fault (BCF) divides the IP 
into the western (WIP) and eastern (EIP) Inner Piedmont, separating Neoproterozoic­
Ordovician metasedimentary and metavolcanic rocks of the eastern Tugaloo terrane 
(WIP) from Silurian-Devonian pelitic schists, metagraywacke and syntectonic intrusions 
of the Cat Square terrane (EIP) (Fig. 1-2) (Davis, 1993; Hatcher, 2002; Bream, 2003). 
Although Giorgis (1999) originally defined the BCF as a low-angle, Type-F 
thrust, it was not recognized as a terrane boundary until Bream's (2003) U-Pb SHRIMP 
work revealed that although both the WIP and EIP contain 1.1-1.2 Ga and older detrital 
zircons of Laurentian provenance, only the EIP has populations of much younger 
age. A significant quantity of 430 Ma zircons indicate EIP metasedimentary rocks are 
younger than WIP Neoproterozoic-Ordovician rocks, and smaller quantities of 600 Ma 
and 500 Ma zircons indicate they have a peri-Gondwanan component in addition to a 
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Laurentian source (Bream, 2003). The continuity of the BCF as traced from Giorgis' 
work in other reconnaissance and detailed mapping throughout North Carolina (Griffin, 
1967; 1974b; Rankin et al., 1972; Espenshade et al., 1975 ; Hatcher and Acker, 1984; 
Hopson, 1994; Goldsmith et al., 1988 ; Davis, 1993; Yanagihara, 1994; Bream, 1999;  
Hill, 1999 ; Williams, 2000; Bier, 2001; Garihan, 2002; Kalbas, 2003; Merschat, 2003; 
Gatewood, 2006), and South Carolina (Curl, 1998 ; Nelson et al., 1998), coupled with new 
geochronologic data (Gatewood, 2006) revealed the BCF is a previously unrecognized 
-400 km-long terrane boun�ary (Hatcher, 2002; Bream, 2003; Merschat and Hatcher, 
2003; Bream et al., 2004; Hatcher and Bream, 2004). 
Purpose of StudJ: 
The purpose of this study is to present the results of detailed (1 : 12,000-
and 1 :24,000-scale) geologic mapping of the Gilreath 7.5-minute quadrangle, 
North Carolina, located in Alexander, Iredell and Wilkes Counties (Plate 1). It 
is -65 km NE of Hickory and -70 km W of Winston-Salem, NC and oc�upies 
the southeast comer of the Winston-Salem 1:  100,000-scale sheet. Based on 
correlations of units defined in detailed mapping in the Brushy Mountains 
(Kalbas, 2003; Merschat, 2003) with units mapped by Rankin et al. (1972) and 
Goldsmith et al. (1988), the BCF is projected folding around the southwest 
margin of Ordovician (-462 U-Pb SHRIMP; Vinson, 1999) Brooks Crossroads 
Granite (Figs. 1-2 and 1-3). The projected map pattern prompted consideration 
of the relationships of the Brooks Crossroads Granite to surrounding EIP 
metasedimentary and metaigneous rocks. Specifically, could the contact be an 
unconformity, an intrusive contact implying magmatism as old as Ordovician 
in the EIP, or a fault contact exposing an older, footwall pluton of the WIP? 
Certainly, if the contact were intrusive this would imply that interpretation of 
EIP Silurian-Devonian sedimentation based on detrital zircon SHRIMP ages 
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Figure 1-3. Generalized geologic map of the IP illustrating the northeastern projection 
of the BCF. See Fig. 1-2 for regional map location. (a) Quadrangle index map showing 
areas of detailed mapping in the Brushy Mountains by Kalbas (2003), Merschat (2003), 
Gatewood (2006), and Wilson (this study). Reconnaissance mapping north of the 36th 
parallel is by Rankin et al. (1972) and Espenshade et al. (1975), and south of it by 
Goldsmith et al., (1988). (b) The compiled geologic map shows projection of the BCF as 
it is folded around the Ordovician Brooks Crossroads Granite at the northeast terminus of 
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(Bream, 2003; Gatewood, 2006) was flawed, which is an unlikely possibility. 
The resulting map data are supplemented by geochemical analyses and 
geothermobarometry to better constrain the origin and tectonic evolution of the IP 
and understand the emplacement of large crystalline thrust sheets. 
Tugaloo Terrane Lithologies 
Most of the Tugaloo terrane is composed of the Neoproterozoic-Cambrian 
Tallulah-Falls-Ashe Formation (Hatcher, 2002). The characteristic three-part stratigraphy 
of this formation is recognized across the BFZ in both the EBR and WIP. This 
stratigraphy has been mapped around the Toxaway dome and Tallulah Falls dome in NW 
SC and NE GA, and has been traced throughout the Tugaloo terrane wherever detailed 
mapping exists (Hatcher, 1971 ; 1977; 1978 ; Bream, 1999 ; Hill, 1999; Hatcher et al. ,  
2004). The stratigraphy consists of a lower-graywacke-schist-amphibolite member 
separated from an upper graywacke-schist member by an aluminous schist member that 
serves as the principal marker unit for subdividing the formation. The occurrence of the 
Tallulah-Falls Ashe Formation in both the EBR and WIP indicates a stratigraphic link 
across the BFZ that separates moderately dipping rocks of the EBR/westem Tugaloo 
terrane from gently dipping, massively migmatitic rocks of the WIP/eastem Tugaloo 
terrane (Hatcher, 1987; Hopson and Hatcher 1988 ;  Bream, 1999; Hill, 1999; Merschat 
et al. , 2005). Ordovician metasedimentary and metavolcanic rocks of the Zebulon thrust 
sheet have been recognized across the BFZ in Georgia (Higgins et al. , 2003). 
In the WIP, the Tallulah Falls-Ashe Formation is unconformably overlain by 
Middle Ordovician Poor Mountain Formation, a sequence of amphibolite interlayered 
with and overlain by quartzite/silicified felsic tuff and locally occurring marble pods 
(Shufflebarger, 1961 ; Griffin, 1969 ; Hatcher, 1969 ; Bream, 2002; Hatcher, 2002). An 
unconformable contact between Poor Mountain and underlying Tallulah Falls rocks best 
explains thinning and absence of conformable Brevard phyllonite and Brevard-Poor 
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Mountain transition rocks (Chauga River Formation) from the GA-SC border to northeast 
of Marion-Morganton, NC (Hatcher, 1969, 1972, 2002). Both the WIP Tallulah Falls­
Ashe Formation and Poor Mountain Formation are intruded by Ordovician-Silurian 
intermediate to felsic plutons (see below). 
Cat Square Terrane Lithologies 
EIP paragneisses include Silurian-Devonian metagraywacke to meta-quartz 
arenite and sillimanite I and sillimanite II grade schist, with intermittent occurrence of 
mappable calc-silicate, amphibolite and ultramafic bodies (Davis, 1993; Yanagihara, 
1994; Bream, 1999; Giorgis, 1999; Hill, 1999; Williams, 2000; Bier, 2001 ; Kalbas, 
2003; Merschat, 2003; Gatewood, 2006). Although Giorgis ( 1999), Williams (2000), 
and Bier (2001) originally recognized a three-part stratigraphy in the EIP of the South 
Mountains, with bounding metagraywacke units separated by a middle aluminous schist, 
this relationship is not continuous along strike in the Brushy Mountains (Kalbas, 2003; 
Merschat, 2003; Gatewood, 2006). Cat Square terrane metasedimentary rocks are 
intruded by syntectonic Devonian-Mississippian anatectic granitoids (see below). 
Distribution and Nature of Taconic and Neoacadian Magmatism 
Taconic/Ordovician-Silurian magmatism 
Ordovician-Silurian (430 Ma-470 Ma) intermediate to felsic magmatism occurs 
throughout the WIP as the Brooks Crossroads Granite, Henderson Gneiss, Caesars Head 
Granite, Dysartsville Tonalite, Sugarloaf Mountain gneiss, Toccoa granitoid, and Call 
Granodiorite (Fig. 1-4). Although not as widespread as in the WIP, a contemporaneous 
pulse of low-K magmatism occurs in the NC EBR as the Whiteside trondhjemite­
granodiorite and associated dikes. Despite their coincidence in age, contrasting 
geochemical traits and association of WIP intermediate-felsic plutons with Poor 
Mountain Amphibolite, distinguish WIP Taconian magmatism from its counterpart in the 
EBR. 
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Figure 1-4. Age, inheritance, and 87Sr/86Sr<0 of Paleozoic plutons of the Tugaloo and 
Cat Square terranes. (a) Index showing location of Tugaloo and Cat Square terranes 
within the southern Appalachian orogenic belt. Black box outlines aerial extent of (b ). 
See Fig. 1-1 for explanation of symbols and abbreviations. (b) Map of Tugaloo and Cat 
Square terranes showing major Paleozoic plutons, their crystallization ages, 87Sr/86Sr<t>, 
and inheritance data. Taconian plutonism (blue text) occurs in the EBR and WIP 
(Tugaloo terrane ). Neoacadian plutonism (purple text) occurs in the EIP (Cat Square 
terrane) and the EBR (Tugaloo terrane ). See Fig. 1-1 and 1-2 for explanation of symbols 
and abbreviations not listed: TD-Toxaway dome. TFD-Tallulah Falls dome. Uncited 
Devonian granitoid: Dsp-Spruce Pine. After Hatcher and Bream (2004). 
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Western Inner Piedmont 
WIP Ordovician-Silurian plutons are probably of volcanic arc origin based on 
association of these intermediate to felsic plutons with Poor Mountain Amphibolite and 
equivalent mafic units (see Ch. 4). WIP granitoids are strongly depleted in incompatible 
elements ( <100 sample/chondrite ), and have high K/Na, Ti, and some high-field strength 
(HFS) elements (Vinson, 1999; Bream, 2003). Negative Eu and low Sr (50-305 ppm) 
concentrations indicate these rocks may be the residual liquids of a melt with cumulate 
plagioclase, or are derived from a plagioclase-depleted source (Vinson, 1999). Although 
tectonic discrimination diagrams show WIP granitoids plot in the volcanic arc field, this 
is probably an artifact of melting preexisting crust of a volcanic arc terrane, indicated by 
low initial £Nd (-4 to -2) and high initial 87Sn'86Sr (Vinson, 1999 ; Bream, 2003). This crust 
may be Grenvillian or older based on T DM ages between 1.2 and 2.0 Ga (Bream, 2003) 
(Fig. 1-5). High-temperature melting may be the reason for the absence of inherited 
zircons in any WIP Ordovician plutons with the exception of the Caesar's Head Granite 
(Fig. 1-4) (Ranson et al. , 1999). 
WIP Taconian magmatism is bimodal, with intermediate to felsic plutonism 
occurring with mafic rocks of the Middle Ordovician Poor Mountain Formation 
(Quartzite member is 459 ± 4 Ma and 445 ± 4 Ma U-Pb SHRMIP; Bream, 2003) and 
Lenoir Quarry Migmatite (-450 Ma U-Pb SHRIMP; Bream, 2003). Poor Mountain 
Amphibolite generally contains 45-55% quartz, is olivine normative, and plots within 
tholeiitic source fields of Irvine and Baragar (1971). Tectonic discrimination diagrams 
indicate an overlap between MORB and volcanic arc fields for these rocks (see Ch. 4). 
Previous interpretations have suggested Poor Mountain Amphibolite is a metamorphosed 
mid-oceanic tholeiite basalt because of its flat trace element pattern typical of N-type 
MORB, and tectonic discrimination diagrams that show Poor Mountain Amphibolite 
plot within this and overlapping volcanic arc fields (Davis, 1993;  Yanagihara, 1994; 
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Figure 1-5. ENd values for various granitoids and metasedimentary rocks of the EBR, WIP, 
and EIP. Note the lower eNd<0 values for Devonian granitoids of the EIP indicate a more 
evolved source for these plutons. ENd and high b180 (10.3-10.5%) values suggest EIP 
granitoids are anatectic melts derived from the metasedimentary rocks surrounding them. 
Data compiled from Mapes (2002) and Bream (2003). Plot modified from Bream et al., 
(2004) and sources therein. 
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Bream, 1999; Giorgis, 1999; Kalbas, 2003). Given the bimodal nature of Ordovician 
magmatism, the absence of abundant ultramafics, and arc-like signatures in addition to 
MORB signatures, speculation that Poor Mountain rocks originated in a juvenile arc or 
back-arc spreading center seems more plausible, a possibility not discounted by Davis 
(1993) and Yanagihara (1994), and later supported by Bream (2003). In lieu of tectonic 
models favoring Taconian subduction in the IP (Hatcher, 1987, 1989 ; Sinha et al., 
1989 ; Hibbard, 2000) and uncertainty about the origin of Poor Mountain Amphibolite, 
reevaluation of the nature and origin of PMA is presented in a comparative study of IP 
amphibolites in Chapter 4. 
Eastern Blue Ridge 
In contrast with an Ordovician-arc origin for WIP rocks, the Whiteside 
trondhjemite-granodiorite and associated porphyritic aplite dikes of the EBR probably 
formed as a result of decompression melting of a depleted mafic source within thickened 
Taconic overthrust sequences (Sinha et al., 1989 ; Miller et al., 1997). Although the 
emplacement of the Blue Ridge/IP megathrust sheet was Alleghanian, indicated by 
truncation of -335 Ma Rabun pluton by the Chattahoochee fault (Hatcher et al., 2005 ; 
Miller et al., 2006; Stahr et al., 2006), evidence for EBR Taconian orogenesis includes 
-460 Ma and -457 Ma U-Pb metamorphic zircon ages for peak eclogite-high-P granulite 
metamorphism (Williard and Adams, 1994; Miller et al., 2000; Moecher et al., 2004). 
The Whiteside trondhjemite-granodiorite and associated dikes are peraluminous; 
high in Sr; low in Rb, Ba, and light-rare earth elements; strongly depleted in HFS 
elements (i.e. Ta, Zr, Hf), U, and Th; and have absent- to positive Eu anomalies. These 
geochemical traits, coupled with trace element modeling and isotope constraints ( depleted 
initial 87Sr/86Sr values of 0.7034-0.7050 and initial £Nd values of +0.1 to +0.5) suggests 
�:30% melting of a depleted mafic source with plagioclase-poor, moderately garnet- or 
amphibole-rich residues (Miller et al., 1997; Mapes, 2002). Although contemporaneous 
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low-K trondhjemite and diorites of Elkahatchee plutonic complex ("496 Ma U-Pb 
TIMS, Russell et al. , 1987) and associated Villa Rica Trondhjemite Gneiss of the 
Georgia-Alabama EBR are interpreted as remnants of an Ordovician magmatic arc on 
the Laurentian eastern margin (Sinha et al., 1989 ; Drummond et al., 1994), the lack of 
widespread igneous exposures and narrow range in composition of northeastern EBR 
trondhjemite-granodiorites precludes a definitive marginal magmatic arc origin for the 
Whiteside and associated dikes (Miller et al., 1997). 
N eoacadian/Devonian-Mississippian magmatism 
The term "Neoacadian" refers to the Late Devonian-early Mississippian 
deformation, magmatic, and metamorphic event of the southern Appalachians (Kohn, 
2001; Hatcher, 2002), in contrast to Early-Middle Devonian Acadian orogenesis in the 
north-central Appalachians (Boucot, 1968 ;  Rodgers, 1970 ; Osberg et al., 1989). Like 
the northern Appalachian Acadian orogeny characterized by oblique convergence and 
transpression due to the approaching Avalon terrane, the Neoacadian is the product 
of oblique convergence and subduction of EIP rocks beneath the overriding Carolina 
superterrane [Merschat et al., 2005; Hatcher and Merschat, (in press)]. Burial beneath 
the Carolina superterrane must have extended as far northwest as the western Tugaloo 
terrane, as (1) the Smith River allochthon, composed of peri-Gondwanan rocks and 
situated between the EBR and Milton belt of North Carolina and Virginia, is correlated 
to the Carolina superterrane (Fig. 1-1) (Hibbard et al., 2003) and (2) Devonian age 
plutonism also occurs in the EBR/western Tugaloo terrane. 
Eastern Inner Piedmont 
Devonian-Mississippian (406 Ma-325 Ma) granitoids of the EIP include the 
Toluca, Walker Top, Cherryville, Gray Court, Pelham, Pacolet Mill, and Reedy River 
granitoids (Mapes, 2002; Gatewood, 2006) (Fig. 1-4). Tectonic discrimination plots, 
initial ENd (-1.6 to -6.4), high initial 87Sr/86Sr (0.705--0.717), and �180 (10.3-10.5%) 
16 
indicate the young granitoids of the EIP are intraplate, anatectic melts, probably derived 
from melting local metasedimentary or basement rocks (Fig. 1-5) (Giorgis, 1999; Bier, 
2001 ;  Mapes, 2002; Mapes et al., 2002; Bream, 2003). The ages of these granites 
coincide with peak metamorphism with temperatures reaching 500-850°C (Davis, 1993; 
Mirante and Patino-Douce, 2000; Bier et al., 2002; Merschat, 2003) between 360-350 
Ma, as determined by monazite TIMS U-Pb and SHRIMP zircon rims (Dennis and 
Wright, 1997; Bream, 2003). 
Eastern Blue Ridge 
Devonian-Mississippian (390 Ma-345 Ma) plutons of the EBR include the Pink 
Beds trondhjemite, Looking Glass granodiorite, Stone Mountain (NC) monzogranite, 
Yonah granite-granodiorite, and Mount Airy monzogranite-granodiorite (Fig. 1-4). In 
general, these Neoacadian plutons are geochemically similar to Taconian trondhjemites 
of the EBR; however, b180 (7.3-9.7% ), initial 87Sr/86Sr (0.7050--0.7089), and initial £Nd 
(-0.3 to -3.8) values typical of crustal rocks, high Ba, and moderate �O concentrations 
indicate some crustal component for these magmas (Mapes, 2002). Miller et al. ( 1997) 
proposed the more evolved felsic compositions of Devonian-Mississippian EBR plutons 
are the product of mixing trondhjemite source magmas and incipient melts formed at 
different crustal levels related to flunctuations in crustal response to tectonism from the 
Taconian to Neoacadian. Crustal contamination of evolved EBR plutons is also evident 
by the abundance of inherited zircons, a characteristic absent from Cat Square terrane 
Neoacadian granites (Mapes, 2002). The absence of Neoacadian plutons in the eastern 
Tugaloo terrane precludes magma generation in the EBR related to burial alone. These 
plutons were generated under hydrous conditions allowing for incipient melting at lower 
temperatures (730-910°C) (Mapes, 2002) and preservation of inherited zircons, which 
were resorbed into high-temperature melts of the EIP. 
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Evidence for a Neoacadian Event in the Carolina Superterrane 
Magmatic evidence for Neoacadian abduction of Carolina superterrane rocks 
may exist in the Concord and Salisbury plutonic suites intruding medium- to high-grade 
infrastructural rocks of the westernmost Carolina superterrane (McSween et al. , 1984; 
Sinha et al. , 1989 ; Mcsween and Harvey, 1997). The Concord plutonic suite is composed 
of Silurian-Devonian (408-399 Ma, Mcsween et al., 1984; Mcsween and Harvey, 1997) 
tholeiitic normative gabbros that fractionally crystallized to form associated syenites. 
The Salisbury plutonic suite (408-378 Ma) is contemporaneous with to slightly younger 
than the Concord plutonic suite and composed of a small group of foliated, leucocratic, 
metaluminous granitoids exposed in North Carolina (Butler and Fullagar, 1978). New 
age dates of South Carolina granitic rocks [Lake Murray granitic gneiss ( -421 Ma), 
Clouds Creek Granite (-414 Ma), and Newberry Granite (-414 Ma)] by Samson and 
Secor (2000) suggest Silurian granitic magmatism extends farther south. Although 
tectonic models explaining the origin of these suites range from a subduction-zone 
environment (Mcsween et al. , 1984; Rodgers, 1987), to localized decompression melting 
in a transtensional environment (Sinha et al. , 1989), both models suggest an approaching 
Carolina superterrane to rocks in the west (Cat Square terrane) during the latest Silurian­
Devonian, setting the stage for Neoacadian burial, metamorphism, magmatism, and 
deformation in the IP. In addition to magmatic evidence, 360-350 Ma hornblende 40 Ar/ 
39 Ar plateau ages document medium-grade metamorphism and thermal overprinting in 
Carolina superterrane rocks in Georgia (Dallmeyer et al. , 1986; Dallmeyer, 1989 ; Hatcher 
and Merschat, 2006). 
Metamorphism 
Sillimanite grade metamorphism is ubiquitous throughout the core of the IP, with 
conditions locally reaching second-sillimanite grade (see Ch. 6) [Hatcher and Merschat, . 
(in press)]. The high-grade, intensely migmatitic core is flanked by lower kyanite, 
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kyanite-staurolite, and garnet grade rocks along the margins (Butler, 1991; Hatcher and 
Goldberg, 1991). The apparent gradient along the northwest boundary is an artifact of 
structural inversion due to southwestward thrusting of higher-grade rocks over lower­
grade rocks (Lemmon and Dunn, 1973a, 1973b; Griffin, 1974a, 1974b; Lemmon, 1982; 
Hatcher, 1987; Nelson et al., 1987; Hopson and Hatcher, 1988; Hatcher and Goldberg, 
1991;  Hatcher, 2002). Peak P-T estimates, prior to this study, range from 3.0 to 7.0 
kbar and 500 to 850°C (Davis, 1993; Mirante and Patino-Douce, 2000; Bier et al., 2002; 
Merschat, 2003) (see Ch. 5). 
New P-T estimates were calculated by myself using a garnet-biotite 
metagraywacke sample (VM115) donated by the Vulcan Materials Company from a 
quarry located in the northern part of the Gilreath quadrangle. Analyses employed a 
Cameca SX-50 fully automated electron microprobe and P-T estimates were calculated 
using a garnet-biotite thermometer (Ferry and Spear, 1978) and the garnet-aluminum 
silicate-plagioclase-quartz (GASP) barometer (Hodges and Spear, 1982). Although 
sillimanite was not observed, GASP barometer calculations were made assuming 
sillimanite grade conditions because of the ubiquitous occurrence of this phase 
throughout the study area. Preliminary peak P-T estimates ranging from 9.5 to 10.9 kbar 
and 755 to 800°C, however, occur within the kyanite stability field. Since sillimanite is 
not actually present in the sample analyzed, these results define an upper limit only for 
peak metamorphic conditions (Labotka, per. comm.). Nevertheless, the results warrant 
additional work to determine whether metamorphic conditions did, at least locally, reach 
kyanite grade in the IP. The data are presented in Chapter 5. 
Monazite U-Pb TIMS analyses of SC IP rocks (Dennis and Wright, 1997) and 
zircon U-Pb SHRIMP analyses of NC IP and EBR rocks (Carrigan et al., 2001;  Bream, 
2003) yield 360-350 Ma and 330-320 Ma metamorphic ages. The early interval 
coincides with Neoacadian deformation and emplacement of the BCF, constrained by the 
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paucity of Devonian magmatism as young as -366 Ma in the WIP and -342 Ma U-Pb 
SHRIMP age for migmatization of footwall rocks near Lenoir, NC (Bream, 2003);  thus 
peak metamorphism and deformation were coeval. Later reheating in the Alleghanian 
is responsible for the 330-320 Ma ages (Bream, 2003;  Merschat et al. ,  2005) and 
coincides with emplacement of Mississippian granitoids in the EIP. -330 Ma melting 
and migmatization age of the "Athens gneiss" (Tallulah Falls metagraywacke/migmatite) 
in the GA IP may be the product of Alleghanian crustal thickening or "delayed" late 
Neoacadian magmatism due to SW-migration of the Orogen (see Ch. 6) (Mirante and 
Patino-Douce, 2000). 
Deformation and Kinematics of Inner Piedmont Orogenesis 
The IP is composed of a W- to SW- vergent stack of crystalline thrust sheets 
[Griffin, 1969; 197 1 ;  1974a; Merschat et al . ,  2005; Hatcher and Merschat, (in press)] .  
Geochronologic and field data indicate thrust sheet emplacement is Neoacadian [Hatcher 
and Acker, 1984; Davis, 1993 ;  Hatcher, 2002; Merschat et al. ,  2005; Gatewood, 2006; 
Hatcher and Merschat, (in press)], and is part of a six-stage deformation scheme that 
includes at least five major fold events and two late-stage, brittle extensional events 
recognized throughout the IP and EBR (Hatcher and Butler, 1979; Hopson and Hatcher, 
1988; Davis, 1993, Hopson, 1994; Yanagihara, 1994; Bream, 1999; Giorgis, 1999; 
Hill, 1999; Williams, 2000; Bier, 2001 ;  Kalbas, 2003; and Merschat, 2003). Details of 
structural styles, kinematics, and timing of each event are summarized in Chapter 6. 
Penetrative D2 structures include the dominant foliation; l ineation; inclined to 
recumbent, tight-to-isoclinal passive and flexural flow folds; and observable meso- and 
macro-scale sheath folds [Hatcher and Butler, 1979; Hopson and Hatcher, 1988; Davis, 
1993;  Yanagihara, 1994; Merschat et al . , 2005; Hatcher and Merschat, (in press)] . 
Previous workers interpret L2 mineral lineations as stretching lineations because of their 
parallel alignment with extensional features such as asymmetric fold hinges, sheath fold 
20 
axes, boudin axes, winged porphyroclasts, S-C mylonites, and snowball garnets [Davis et 
al. ,  1991 ; Davis, 1993 ;  Merschat et al., 2005; Hatcher and Merschat (in press)]. Vorticity 
estimates transition from sub-simple shear across most of the IP to a simple shear 
regime near the BFZ (Merschat et al., 2005; Hatcher and Merschat, 2006). D2 occurred 
close to the metamorphic peak indicated by synkinematic sillimanite growth (Davis, 
1993), D2 alignment of high-temperature K-feldspar stretching lineations in mylonitic, 
second sillimanite-grade schist (Merschat, 2003), and intense deformation in �evonian­
Mississippian anatectic granitoids. 
The orientation of S2 foliations, F2 fold axes, and subhorizontal L2 mineral 
stretching lineations defines an arcuate map-scale pattern that curves from NW-SE near 
the central Piedmont suture, to E-W in central portions of the IP, to strongly NE-SW 
aligned near the BFZ (see Ch. 6). The change in structural trends is more abrupt in the 
Brushy Mountains, where the zone of strong NE-SW alignment extends from the BFZ 
to east of the BCF. Based on ubiquitous W- to SW-directed shear-sense indicators, 
map-scale sheath folds, pervasive migmatization, sillimanite I and sillimanite II mineral 
assemblages, and anatectic granitoid production, Merschat et al. (2005) and Hatcher and 
Merschat (in press) proposed that IP thrust sheets deformed as a viscous mass with fluid­
like rheology. They suggest the arcuate trend, defined by L2 mineral stretching lineations, 
tracks the flow path of IP material in a tectonically driven orogen-parallel channel. In 
their model, flow of hot, ductile crystalline thrust sheets was initiated as IP rocks escaped 
from oblique W- to NW-convergence and burial beneath overriding Carolina superterrane 
rocks. The dextral Neoacadian BFZ provided a footwall buttress for the channel, taking 
�p at least 200 km of an estimated 400+ km displacements along IP faults. 
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CHAPTER 2: LITHOLOGIC UNITS 
Introduction 
The geologic map of the Gilreath quadrangle reveals that the BCF passes through 
the northwestemmost comer of the quadrangle and is folded into a reentrant, exposing the 
Ordovician Brooks Crossroads Granite in the immediate footwall (Fig. 2-1 and Plate 1 ). 
The contact between the Brooks Crossroads Granite and surrounding metasedimentary 
and metaigneous rocks was determined a fault boundary because stronger foliations, 
lineations, and local mylonitization are present in the Brooks Crossroads, as well as 
steeper strain gradients recorded in hanging wall rocks near this contact. Detailed field 
and petrographic descriptions of each unit are presented in this chapter. Plagioclase 
compositions were determined by using the Michel-Levy extinction method. 
Western Inner Piedmont - Eastern Tugaloo Terrane 
H ibriten mylonite 
In the immediate footwall of the BCF is a -0.1 km-wide shear zone composed 
of mixed WIP and EIP lithologies collectively referred to as the Hibriten mylonite 
(Gatewood, 2006). This unit was originally mapped in the southwestern Brushy 
Mountains by Goldsmith et al. (1988) and called the Hibriten granitoid by Kalbas (2003). 
It is easily recognized by 0.25-1.0 cm rounded plagioclase and quartz porphyroclasts in 
a dark-gray homblende-biotite matrix ± garnet (Kalbas, 2003; Merschat, 2003). More 
recent work in the northeastern Brushy Mountains by Gatewood (2006) noted that, in 
addition to the porphyroclastic biotite granitoid described above, the Hibriten unit also 
contains isolated and discontinuous lenses of Walker Top Granite, sillimanite schist, 
metagraywacke, Lenoir Quarry migmatite, and hornblende amphibolite. Mid-Silurian 
zircon U-Pb crystallization ages of ,..,434 Ma, -444 Ma, and 448 Ma for biotite migmatite 












360()0' -+-1 -�----------------i;;,_____,;; __ .c:;._ ___ +-36°00' 
81 °07'30" 81 °00 
Eastern Tugaloo Terrane 
Hibriten mylonite 
Intrusive or Altered 
� Brooks Crossroads Granite 
r-Jqm1 Lenoir Quarry migmatite 
UQmwJ (Ordovician Poor Mountain 
Amphibolite) 
Cat Square Terrane 
Intrusive or Mylonitic Intrusion Metasedimentary 
Devonian-Mississippian granitoid � Metagraywacke 
Mylonitic Walker Top Granite ! SOsa I Sillimanite schist 
Rocky Face pluton 
- -
Gamet-tourmaline (Devonian Toluca Granite?) migmatite 
Hanging wall amphibolite 
Figure 2- 1 .  Simplified geologic map of the Gilreath 7.5-minute quadrangle illustrating 
major lithologies, faults, and map-scale sheath folds. 
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2006). Transport along the BCF produced mylonitic textures ranging from proto- to 
ultramylonite, transposition of igneous and metasedimentary rocks of different affinities, 
and the block-in-matrix nature of amphibolite units. Given the newfound character of 
lithologies within the BCF zone, Gatewood (2006) proposed the unit be renamed the 
Hibriten mylonite. 
Lenoir Quarry migmatite 
Structurally beneath the Hibriten mylonite occurs a heterogeneous assemblage 
of well-foliated, medium- to coarse-grained, intermediate to mafic metaigneous rocks 
known as the Lenior Quarry migmatite. Although 'this unit occurs as a 5-6 km-wide 
NE-striking band, the lack of footwall exposure in the study area limited data collection 
within the unit to only three stations of saprolite. Nevertheless, the saprolite preserves 
relict textures and mineralogy of a biotite-hornblende granite-granodiorite gneiss 
containing discontinuous amphibolite pods transposed into the dominant NE-SW 
foliation. The heterogenous nature of this unit was noted by previous workers who 
described mixed lithologies of biotite-muscovite granitic gneiss ranging from quartz 
diorite and granodiorite to quartz monzonite, with lenses of amphibolite, sillimanite 
schist, augen gneiss, and metagabbro (Reed and Bryant, 1964; Rankin et al., 1972; 
Goldsmith et al., 1988). This unit was informally designated the Lenoir Quarry 
migmatite by Kalbas (2003), who determined amphibolite bodies within the migmatite 
have ages, geochemical, and petrographic compositions similar to that of Poor Mountain 
Amphibolite, indicating the migmatite is probably a partially melted northeastern 
equivalent of that unit. 
Ordovician Brooks Crossroads Granite 
The Brooks Crossroads Granite is a white, fine-grained, leucocratic to holo­
leucocratic muscovite-biotite granitoid (Fig. 2-2). Modal abundances of three samples 
collected for geochemical analysis (see Ch. 3) indicate the Brooks Crossroads is granite 
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Figure 2-2. Ordovician Brooks Crossroads Granite. (a) The weakly-lineated texture of 
this sample (GL1690 OBCl) from Balls Mill Road is pervasive throughout the pluton. (b) 
Photomicrograph of sample in (a). Although foliation is not well-defined, development 
of quartz subgrains and recrystallized quartz with high-angle boundaries is still evident. 
(c) Photomicrograph of partial melt-derived sample GL250 OBC2 collected on Balls Mill 
Road showing growth of sillimanite in primary muscovite. (d) Photograph of mylonitic 
hand sample from Fish Creek Road with quartz ribbons defining the foliation. Mylonitic 
and well-foliated textures are common near contacts with overlying EIP metasedimentary 
and metaigneous rocks. ( e) Photomicrograph of deformed Brooks Crossroads Granite 
(GL 761 OBC3) in BCF contact with Silurian-Devonian metagraywacke from Cherry 
Grove Lane (see Fig. 3-2). Note development of myrmekite and quartz laminae with 
recrystallized grains. Abbreviations: ap-apatite; bt-biotite; ksp-K-feldspar; ms­





Figure 2-2. Continued. 
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to granodiorite in composition according to Streckeisen's ( 1976) IUGS classification 
scheme based on modal percent quartz, alkali feldspar, and plagioclase (Table 2- 1 and 
Fig. 2-3). Texturally, the Brooks Crossroads Granite ranges from massive near the core 
of the pluton, to weakly to strongly lineated, defined by aligned biotite and/or deformed 
quartz lamellae. Deforll_lation mesa-fabrics include well-developed foliation, isoclinal 
folds, and mylonitic quartz ribbons that occur near contacts with surrounding rocks (Fig. 
2-2; see also Fig. 3-2). Geochemical analyses (see Ch. 3) suggest the pluton may be 
composite in nature or is contaminated by xenolith assimilation. 
Petrographic analyses show samples are composed of muscovite, biotite, 
microcline, plagioclase (An 1s. 1J, and quartz with trace amounts of myrmekite, epidote, 
sericite, and accessory opaques, sphene, zircon, and apatite. Apatite is present as 
trace inclusions within plagioclase and muscovite. Sillimanite is present as inclusions 
in muscovite in OBC2 (Fig. 2-2). Although the Brooks Crossroads Granite appears 
equigranular in hand sample, notable variation in grain sizes observed in thin section are 
as follows: plagioclase (0.5-2.0 mm); microcline (0.25-1 .7 mm); and quartz (<0.25-1 .0 
mm). Plagioclase occurs as subhedral to anhedral grains with numerous inclusions of 
muscovite, sericite, and quartz in the core and inclusion-free rims. Occasional albite 
twinning is noted. Microcline may be perthitic. Microscopic deformation fabrics include 
bent perthite exsolution lamellae, as well as pervasive subgrain development in quartz 
laminae and ribbons and high-angle boundaries between recrystallized quartz grains (Fig. 
2-2). Minor occurrences of unrecovered quartz display undulatory extinction. 
Harper and Fullagar ( 198 1 )  analyzed 20 samples from four outcrops of Brooks 
Crossroads Granite in Wilkes and Yadkin Counties using Rb-Sr whole-rock age-dating 
methods. These samples yielded low initial 87Sr/86Sr of 0.7041 and a Silurian age of 
427±9 Ma. Vinson ( 1999) proposed an older crystallization age ranging from 440--490 
Ma based on high-resolution ion microprobe U-Pb dating techniques using zircons, which 
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Table 2-1. Modal analyses of representative granitoids selected for geochemical 
analyses (see Ch. 3) from the Gilreath 7.5-minute quadrangle. 
GL1690 GL250 GL761 GL30 GL1303 GL1 174 
Sample ID OBCl OBC2 OBC3 MG RFl RF2 
Brooks Brooks Brooks Rocky Roe y 
Unit Crossroads Crossroads Crossroads Mississippian Face ace 
Granite Granite Granite Granitoid Pluton Piuton 
Tectonic Unit WIP WIP WIP EIP EIP EIP 
paints counte-d 921 904 1 166 918 1098 1004 
Quartz 34.64 19.23 37.9 1 34.52 3 -.53 34.70 
Plagioclase 35. 18 33.37 30.53 29.37 26. 12 30.60 
Microcline 19.65 34.70 22.64 20.63 22.61 19. 13  
Muscovite 2. 17 2.98 2.40 7.34 6.88 4.37 
Biotite 5.43 6.41 2.40 5.36 5.62 8.74 
Garnet 0.00 0.00 0.00 0.00 0.00 0.00 
Sillimanite 0.00 0. 1 1  0.00 0.00 0.00 0.00 
Epidote 1 .74 0.66 0.00 0.79 0.98 0.00 
Sericite 1 . 19 1 .22 0.86 0.99 1 .26 0.55: 
Perthite 0.00 0. 1 1  0.00 0.00 0. 14 0..00 
Myrmekite 0.00 1 . 1 0  3.26 0.99 0.84 1 .9 1  
On�nues 0.00 0. H 0.00 0.00 0.00 0.00 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
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Mississippian granitoid 
• GL30 MG 
Rocky Face pluton 
• GL1303 Rfl 
e GL1 170 RF2 
Brooks Crossroads Granite 
a GL1690 OBCl 
e Gl.250 0BC2 
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Figure 2-3. JUGS classification of Gilreath quadrangle granitoids. 
3 1  
showed on a cluster of data in this range on concordia diagrams. Despite the imprecision 
of concordia plots, a Middle Ordovician age of "462 Ma for the Brooks Crossroads is 
strongly supported, based on probability plots that show a significant number of analyses 
of nonfractured, magmatic zones that retain this age. A similar peak at -382 Ma occurs 
due to resetting of the U-Pb system during Neoacadian metamorphism. A Middle 
Ordovician age indicates the Brooks Crossroads is not a younger pluton, and is in fact 
coeval with other Ordovician granitoids and metavolcanic rocks throughout the WIP. 
Eastern Inner Piedmont - Cat Square Terrane 
Metasedimentary rocks 
Metasedimentary units of the EIP include sillimanite schist (metapelite ), 
metagraywacke (metapsammite), and minor calc-silicate. Originally, these units were 
correlated to late Laurentian-derived Neoproterozoic-Cambrian Tallulah Falls Formation 
metasedimentary and metavolcanic rocks (Bream, 1999; Giorgis, 1999; Hill, 1999; 
Williams, 2000; Bier, 2001), and dramatic thickness changes within the metapelite in the 
Brindle Creek hanging wall were attributed to original thickness changes and/or complex 
folding (Bier, 2001 ). A Neoproterozoic-Cambrian age was later disregarded due to 
new information using modem U-Pb age dating techniques (Bream, 2003). This work 
revealed that although both WIP and EIP have Laurentian-sourced zircon populations of 
1 . 1 - 1 .2 Ga and older, only the EIP has a significant population of younger zircons of 600 
Ma, 500 Ma, and 430 Ma. The combination of Grenvillian 1 . 1 - 1 .2 Ga zircons and 600-
500 Ma zircons reveals EIP protoliths have a mixed Laurentian-peri-Gondwanan affinity. 
A younger, Silurian-Devonian age for EIP metasedimentary rocks was later confirmed by 
430 Ma detrital zircons and -406 Ma formation of anatectic Walker Top Granite in the 
northeastern Brushy Mountains (Bream, 2003 ; Gatewood, 2006). 
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· Sillimanite schist 
The sillimanite schist unit is often observed and readily traceable as a weathered, 
light brown to purplish-red residual soil with abundant muscovite, sillimanite, and 
garnet float. Rock and/or saprolite exposures are generally limited to road cuts and 
along ridge trails. The schist is commonly strongly deformed, exhibiting rotated garnet 
porphyroclasts, S-C and S-C-C' fabrics, proto- to ultramylonitic textures, tight-to­
isoclinal folds, and overprinting crenulations. Sillimanite schist devoid of muscovite 
indicates metamorphic conditions reached second sillimanite grade metamorphism 
throughout the core of the IP (Merschat, 2003 ; Hatcher and Merschat, 2006) (see Fig. 
1-7). Such high-temperature conditions can account for anatectic melting formation 
of associated EIP granitoids, as well as the migmatitic nature of sillimanite schist that 
contains >50% leucosome. In general, this leucosome varies from a fine- to medium­
grained, hololeucocratic granitoid with mineral compositions of ± tourmaline, ± garnet, ± 
biotite, muscovite, quartz, and plagioclase. In addition to quartzofeldspathic melt, minor 
occurrences of a sillimanite-garnet-tourmaline migmatite were found as float throughout 
the large, south-central band of sillimanite schist in the Gilreath quadrangle (Fig. 2-
4). This tourmaline migmatite is probably the product of lithium±boron metasomatism 
associated with fluids derived from Neoacadian granitoids melted at sillimanite-grade 
conditions (Deer et al . ,  1962). Certainly, the distribution and nature of these fluids may 
be of significance in terms of economic potential, as green spodumene marketed as 
emeralds are mined south of Gilreath, in the Hiddenite 7 .5-minute quadrangle. 
The mineral assemblage of the sillimanite schist in the Gilreath quadrangle is 
epidote, plagioclase, ilmenite, chlorite, garnet, sillimanite, muscovite, biotite, and quartz. 
Trace minerals include apatite, tourmaline, and zircon. Sillimanite ranges from small 
fibrolitic grains (-0.2 mm) to larger prismatic grains (up to 5.0 cm) (Fig. 2-4). Muscovite 





Figure 2-4. Silurian-Devonian sillimanite schist. (a) Scanned thin section photograph in cross-polarized light showing fractured 
and dismembered garnets that are incorporated into foliation. Sample from trail north of Smith Grove Church Road. (b) Strongly 
deformed sillimanite-garnet-tourmaline migmatite found as float within sillimanite schist unit east of Vannoy Ridge Road. (c) 
Garnet (-10.0 cm) float found in sillimanite schist unit east of Vannoy Ridge Road. Garnets such as this one are often riddled 
with inclusions of biotite, sillimanite, and ilmenite. Abbreviations: bt-biotite ; grt-garnet; and sil-sill imanite. 
dominant S2 foliation and are associated with biotite and fibrolitic sillimanite, whereas 
larger ( 1.0-2.5 mm), late muscovite grains are disseminated throughout the section and 
usually overlap the foliation. Euhedral to subhedral garnets vary from 0.1 cm, to as 
large as 10.0 cm (Fig. 2-4), and are poikioblastic with numerous inclusions of quartz, 
sillimanite, ilmenite, and biotite. Garnets are often fractured, rotated, and in some 
instances have been pulled apart and incorporated in the foliation (Fig. 2-4). Electron 
microprobe analyses of sample GL1395 revealed weak garnet zoning with average whole 
garnet compositions of Al�Py 12_16Sp2_3Gr2• Low grossular garnets support a Ca-poor 
nature of the unit, which probably accounts for the lack-of to absent plagioclase content. 
Metagraywacke 
The metagraywacke unit is generally distinguished from biotite orthogneiss by 
higher quartz content and compositional banding of micaceous and quartzofeldspathic 
laminae (Fig. 2-5). Gilreath quadrangle metagraywacke is compositionally similar to 
other Brushy Mountain metagraywacke (see Ch. 5), which is typically composed of 
quartz (35-50%), K-feldspar (0-32%), biotite (10-20%), plagioclase (13-30%;  A°is. 
�' muscovite ( <1 %-5% ), hornblende (0-2% ), and epidote (0-1 % ) and plot within 
graywacke-feldspathic sandstone-quartzose sandstone fields (Merschat and Kalbas, 
2002; Gatewood, 2006). Meso-scale calc-silicate and minor amphibolite lenses occur 
throughout this unit. 
Metaigneous rocks 
Small-scale Devonian-Mississippian granitoids 
Outcrop- to map-scale, weakly foliated, fine- to medium-grained leucocratic 
granitoids were noted throughout the hanging wall in the Gilreath and adjacent Moravian 
Falls quadrangles. Although these granitoids resemble the Ordovician Brooks Crossroads 
Granite, truncation of F2 folds (MV29) and S2 foliation (GL30 MG) indicates the 
granitoids must be younger than Neoacadian deformation (Fig. 2-6). U-Pb SHRIMP age 
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Figure 2-5. Si1urian-0evonian metagraywacke. Outcrop on Bethany Church Road of 
isoclinally folded metagraywacke with well-developed compositional banding defined by 
contrasting biotite and quartzofeldspathic layers. 
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Figure 2-6. Small-scale Devonian-Mississippian granitoid. (a) Truncation of mylonitic 
S2 fabric of -406 Ma Walker Top Granite against --322 Ma granitoid west of Bethany 
Church Road at a cliffside exposure referred to as "Heaven" by the people in the area 
(Gatewood, 2006). (b) Outline of truncated foliation in (a) Photomicrograph of GL30 
MGG illustrating fine-equigranular texture. Abbreviations: bt-biotite; ksp-K-feldspar; 
ms-muscovite; plg-plagioclase; and qtz-quartz. (d) Truncation of F2 isoclinal folds by 
--362 Ma granitoid in the Moravian Falls quadrangle. Photo by R. D. Hatcher, Jr. (e) 





Figure 2-6. Continued. 
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dating revealed these younger granitoids are in fact late Devonian to late Mississippian 
with ages of -362 Ma and -322 Ma, respectively (Gatewood, 2006). These new 
ages establish a mini_mum age for D2 deformation and indicate that high-temperature 
conditions sufficient for local anatexis existed into the Alleghanian. Geochemical 
characterization of GL30 MG is discussed in Chapter 3 .  
Modal analysis of GL30 MG (Table 2- 1 )  reveals i t  is a monzogranite and 
composed of fine, equigranular (0.25--0.50 mm) biotite, muscovite, microcline, 
plagioclase (An13_17) and quartz (Fig. 2-6). Trace amounts of myrmekite, sericite, and 
epidote are present. Plagioclase occurs as subhedral grains ( occasionally as large as 
1 .0 mm) with numerous inclusions of quartz, muscovite, epidote, sericite, and apatite 
in both cores and rims of grains, and often displays albite twinning. Quartz occurs 
as recrystallized grai!ls with high-angle boundaries, as well as anhedral to subhedral , 
fractured grains with strong subgrain development and occasional undulatory extinction. 
Biotite and muscovite are often associated, display typical bird's eye mottling, and vary 
from subhedral laths to anhedral grains. 
Devonian Rocky Face pluton-Toluca Granite 
The Rocky Face pluton occurs as an elliptical map-scale body along most of the 
southern boundary of the Gilreath quadrangle. The pluton is surrounded by easily eroded 
sillimanite schist and alluvial-filled valleys, and often crops out as exfoliation domes 
that hold up hilltops and high ridges south of typical NE-striking Brushy Mountains 
topography (Fig. 2-7). The pluton varies from a coarse-grained ( 1 .0-1 .5 mm), strongly 
deformed granitoid with feldspar megacrysts ( 1 .5-2.0 mm), to a fine-grained (0.25--0.50 
mm), weakly lineated granitoid. The variation in grain size may reflect two stages of 
plutonism. Xenoliths of garnet-bearing biotite gneiss/metagraywacke and amphibolite 
are common, ranging from centimeter to outcrop scale. These xenoliths are transposed, 
deformed, or dismembered in a number of SW-directed shear zones within the pluton 
(Fig. 2-7). 
Figure 2-7. Rocky Face pluton. (a) Typical exfoliation surface of Rocky Face pluton. 
Isolated ridges and hilltops having greater than 305 m relief are held up by this granitoid 
in the southern Gilreath and northern Hiddenite quadrangles. Note people for scale. 
Photo by R. D. Hatcher, Jr. (b) Protomylonitic, coarse-grained Rocky Face pluton 
with well-developed foliation and dismembered metagraywacke xenolith in a SW­
directed dextral shear zone. Photo by R. D. Hatcher, Jr. (c) Sygmoidal garnetiferous 
metagraywacke xenolith surrounded by highly strained Rocky Face Granite. Photos (a-c) 
are from outcrop south of Smith Grove Church Road. (d) Photomicrograph of GL1170 
RF2 geochemistry sample from Dock Connelly Lane illustrating megacrystic texture. 
Subgrain development of high-angle boundary quartz indicates progressive deformation 
and recovery at high temperatures. Sample from Abbreviations: bt-biotite; epd-epidote; 
ksp-K-feldspar; myr-myrmekite; ms-muscovite; plg-plagioclase; and qtz-quartz. 
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The mineral assemblage for the Rocky Face pluton includes myrmekite, sericite, 
muscovite, biotite, microcline, quartz, and plagioclase (An13-1J (Table 2-1 ). Trace 
amounts of epidote are present and accessory minerals include zircon, monazite, apatite, 
and opaques. The pluton is granitic to granodioritic in composition according to 
Steckeisen's (1976) IUGS classification scheme (Fig. 2-2). Recrystallized quartz, quartz 
subgrain development, (1.0-0.25 mm) and quartz ribbons pervade deformed, coarse­
grained samples. Epidote occurs both as primary grains and secondary alteration product 
of muscovite. Euhedral to subhedral biotite and muscovite laths are often associated. 
Goldsmith et al. (1988) informally designated the Rocky Face pluton as Toluca 
Granite based on petrographic similarities of the two granitoids, and widespread 
occurrence of the Toluca throughout the northeastern IP. Geochemical similarities 
presented in Chapter 3 support correlation of the two units, which in turn implies a shared 
mid-Devonian (-378 Ma) crystallization age, as indicated by a U-Pb SHRIMP zircon age 
of the Toi uca Granite (Mapes, 2002). 
Devonian Walker Top Granite 
The EIP Walker Top Granite was originally correlated with Ordovician 
Henderson Gneiss (-492 Ma, U-Pb SHRIMP, Vinson, 1999) in the WIP by Goldsmith et 
al. (1988), because both units are distinguished by characteristic microcline megacrysts 
in a dominantly biotite matrix. This correlation was abandoned, however, due to high­
resolution ion microprobe U-Pb analysis that revealed a mid-Devonian crystallization age 
of -366 Ma for the Walker Top Granite sampled near Icy Knob in the South Mountains 
(Mapes, 2002). More recent U-Pb SHRIMP dating of Walker Top Granite from the 
Moravian Falls quadrangle in the Brushy Mountains yields an Early Devonian age of 
-406 Ma (Gatewood, 2006). The disparity in reported ages may indicate one of three 
possibilities: ( 1 )  diachronous melting of the Walker Top protolith; (2) South Mountains 
zircons were reset during Neoacadian metamorphism; or (3) the two orthogneisses are not 
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related. Due to spatial, textural, petrographic, and geochemical similarities, options one 
or two are more likely candidates. Regardless of the relationships of the two orthogneiss 
bodies, a "406 Ma crystallization age indicates burial of Cat Square terrane rocks by 
earliest Devonian time to produce catazonal plutons derived from in-situ melting of host 
metasedimentary rocks. 
Petrographic analyses of Walker Top Granite from the Brushy Mountains 
indicate the equigranular (0.5-3.0 mm) groundmass is composed of ± hornblende, ± 
garnet, muscovite, q1;1artz, microcline, plagioclase (An204J, and biotite, which encloses 
dominantly microcline feldspar megacrysts (2.0-6.0 cm) with myrmekite rims and few 
smaller plagioclase megacrysts ( 1.0-4.0 cm) (Merschat and Kalbas, 2002; Gatewood, 
2006). Trace minerals include chlorite, zircon, apatite, epidote-clinozoisite, monazite, 
and opaques. 
First noted occurrences of Walker Top Granite in the South Mountains 
documented a non-mylonitic orthogneiss with weakly aligned, subhedral to euhedral 
mantled K-feldspar megacrysts with myrmekite rims (Giorgis, 1999; Vinson and Miller, 
1999; Mapes, 2002; Bier, 2001) that were interpreted by Goldsmith et al. ( 1988) to 
preserve original flow patterns. Subsequent tracing of continuous and discontinuous NE­
striking Walker Top Granite bodies into the southwestern Brushy Mountains revealed 
more deformed variations of this unit, ranging from protomylonitic with rounded 
and/or few mantled K-feldspar porphyroclasts, to mylonitic with tailed K-feldspar 
porphyroclasts (Kalbas, 2003; Merschat, 2003). The degree of mylonitization ultimately 
culminates in the northeastern Brushy Mountains, where the Walker Top occurs as 
aforementioned type-mylonites, in addition to being an ultramylonite with flattened and 
elongated K-feldspars, which define a well-developed L-S tectonite fabric, (Fig. 2-8). 
Mapping the Walker Top Granite is fundamental for understanding kinematics 
and timing of emplacement of the Brindle Creek thrust sheet. This unit occurs in the 
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Figure 2-8. Devonian Walker Top Granite. (a) Protomylonitic Walker Top Granite 
with partly rounded and strongly aligned K-feldspar megacrysts. Sample from Hidden 
Hollow in Moravian Falls quadrangle. Photograph by R. D. Hatcher, Jr. (b) Mylonitic 
texture with tailed porphyroclasts and well-developed S-C fabric in loose block in Vulcan 
Materials 1 15 Quarry. Photo by R. D. Hatcher, Jr. (c) Ultramylonitic Walker Top Granite 
proximal to the BCF west of Bethany Church Road at a cliffside exposure referred to as 
"Heaven" by the people in the area. 
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immediate hanging wall of the BCF and in cores of map-scale sheath folds formed 
during SW-directed flow of IP rocks, indicating the Walker Top Granite may have served 
as a weak unit establishing some sort of mechanical stratigraphy (Gatewood, 2006). 
Truncation of sheath folds cored by -406 Ma Walker Top Granite against the folded 
BCF indicates SW-directed flow of IP rocks took place prior to final emplacement of Cat 
Square terrane rocks. The southernmost Walker Top body in the Gilreath quadrangle is 
deformed with enclosing sillimanite schist into a SW-directed sheath fold that exhibits a 
curved map pattern similar to the Ellendale sheath fold recognized by Merschat (2003) to 
the southwest (see Ch. 6). 
Hanging wall amphibolite 
Although amphibolite is abundant in the WIP where it occurs as pods and 
lenses dispersed throughout the Lenoir Quarry migmatite and Tallulah Falls Formation 
upper metagraywacke-schist member, and as map-scale units, e.g. the Poor Mountain 
Amphibolite, it is much less common in the EIP, where it occurs as xenoliths in 
intruding granitoids and orthogneisses, and as small (<10 km), dispersed map-scale 
pods. Amphibolite pods, boudins, and float were found throughout the southern half 
of the Gilreath quadrangle as xenoliths and float within the Rocky Face pluton and 
Walker Top Granite. Geochemical analyses (see Ch. 4) of two xenoliths sampled from 
each associated host rock and from a map-scale body of amphibolite that juxtaposes the 
southeastern boundary of the Rocky Face pluton in the Hiddenite quadrangle indicate that 
Cat Square terrane rocks may have originated in a back-arc basin environment influenced 
by volcanic arc and E-type MORB magmatism during the Silurian-Devonian. 
Hanging wall amphibolites vary from fine- to medium-grained, well-foliated 
schistose amphibolite with tight-to-isoclinal folds and fine-scale stromatic migmatite 
structures, to mylonitic L-tectonite, to coarse-grained amphibolites with a more 




Figure 2-9. EIP amphibolite. (a) Isoclinal folds and stromatic to ptygmatic migmatite 
structures in the Hiddenite amphibolite (HA1671) at Asbury Mountain. (b) Outline 
of folds in (a). (c) Photomicrograph of sample collected at locality in (a) showing 
symplectic intergrowth of epidote and plagioclase replacing hornblende. ( d) Calcite 
and epidote replacement of plagioclase in Rocky Face xenolith sample (GLl 174 RFX) 
collected west of Dock Connelly Lane. (e) Typical granoblastic texture of more massive 
amphibolite xenolith. Note the oscillatory zoning in the plagioclase in the center of the 
photomicrograph. Same sample in (d). Abbreviations: Cc-calcite; epd--epidote; hb-­
hornblende; plg-plagtoclase; and qtz-quartz. 
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Figure 2-9. Co�tinued. 
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plagioclase content, and localized deformation. Modal analyses of the three amphibolites 
sampled for geochemical study reveal the mineral assemblage consists predominantly of 
plagioclase (An17_� (36-50%) and hornblende ( 44-49%) with trace amounts of quartz, 
biotite, opaques, epidote/clinozoisite, sphene, and rutile (Table 2-2). Tb:e Walker Top 
xenolith has significantly larger proportions of biotite and opaques (probably ilmenite 
due to high Ti values) than other samples analyzed. Retrograde greenschist facies 
conditions are recorded by symplectic epidote-plagioclase replacement of hornblende and 
calcite-epidote replacement of fractured plagioclase. Relict growth zoning in plagioclase 
supports an igneous origin for EIP amphibolite (Fig. 2-9) (see Ch. 4). 
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Table 2-2. Modal analyses of EIP amphibolites selected 
for geochemical analyses (see Ch. 4) from the Gilreath 
and Hiddenite 7 .5-minute quadrangles. 
HQ1691 GL1 174 GL1574 
Sample ID HA RFX WTX 
Description Hiddenite Rocky Face Walker Top Amphibolite Xenolith Xenolith 
ooints counted 1058 1 1 17 991 
Hornblende 49.34 45.41 44.48 
Plagioclase 35.92 49.44 37.07 
Quartz 1 .5 1  0.00 0.45 
Biotite 0.00 0.45 13.46 
Opaques 0.38 <0.01 4.54 
Epidote-Clinozoisite 1 1 .53 3.80 0.00 
Sphene 1 .32 0.67 0.00 
Rutile 0.00 0.22 0.00 
Apatite <0.01 <0.01 <0.01 
Calcite 0.00 <0.01 0.00 
I Total 100.0 100.0 100.0 
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CHAPTER 3: GEOCHEMICAL COMPARISON OF 
INNER PIEDMONT GRANITOIDS 
Introduction 
Comparison of WIP Taconian and EIP Neoacadian intermediate to f el sic 
magmatism has not been made to date. A study of granitoids within the Gilreath 
quadrangle prompts consideration of IP magmatism through time, as both footwall and 
hanging wall granitoids are juxtaposed in the study area and record :...,125 Ma of changing 
crustal conditions and tectonic environment. Samples collected and analyzed include 
three WIP samples of the Ordovician Brooks Crossroads Granite GL1690 (OBCl), 
GL250 (OBC2), and GL670 (OBC3); and three EIP samples, two from the Rocky Face 
pluton, GL1303 (RFl) and GLll 70 (RF2), and one Mississippian granitoid, GL30 (MG) 
(Fig. 3-1 and Plate 1 ). Analyses were compared with recent geochemical studies that have 
been fundamental in characterizing the nature and origin of WIP (Vinson, 1999; Bream, 
2003) and EIP (Giorgis, 1999; Vinson, 1999; Bier, 2001; Mapes, 2002; Bream, 2003) 
granitoids. 
Sample Collection and Analytical Method 
Six granitoid samples listed above were collected from fresh exposures within 
the Gilreath quadrangle (Fig. 3-1 and Plate 1). Each sample was cut into five .-.4.0 cm 
x 2.5 cm x 2.5 cm sections using a diamond bit trim saw; washed with tap water; rinsed 
with isopropyl alcohol; and dried. The sections were crushed into -0.5 cm or smaller 
chips, mixed, and split by quartering to prepare representative, yet unbiased samples. At 
least 30.0 g of each quartered sample was powdered with an alumina ceramic mill and 
sent to Activation Laboratories in Ancaster, Ontario, for geochemical analysis. Multi­
element whole-rock analyses were performed using inductively coupled plasma emission 
spectroscopy employing lithium metaborate/tetraborate fusion (FUS-ICP) and total 
digestion (TD-ICP) methods, as well as inductively coupled plasma mass spectroscopy 
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Figure 3-1. Map showing locations of granitoids sampled for geochemical analyses. 
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(ICP-MS), and Instrumental Neutron Activation Analysis (INAA) as indicated in Table 
3-1. Standards, duplicates, and blank analyses were made to establish quality control. 
Standard thin sections were made of each sample. 
Noteworthy samples include Brooks Crossroads sample OBC3 and Mississippian 
granitoid sample MG. Other granitoids collected were sampled from outcrops with field 
and petrographic characteristics typical of the unit being analyzed. 
Sample OBC3 was collected from the immediate hanging wall of the BCF 
exposed in a road cut near the central northeast section of the Gilreath quadrangle (Fig. 
3-2). The outcrop of EIP Silurian-Devonian metagraywacke in fault contact with well­
foliated, isoclinally folded Brooks Crossroads is one of a several small klippes that occur 
in the hinge zones of local and map-scale, F 4-s open folds. The strongly foliated and 
deformed nature of the Brooks Crossroads at this contact is not typical throughout the 
body of the pl uton. 
Sample MG was collected for geochemical and geochronologic analyses because 
this weakly foliated granitoid truncates mylonitic S2 foliation in Walker Top Granite at a 
cliffside outcrop near the BCF contact with Brooks Crossroads Granite (see Fig. 2-2). If 
the granitoid is in fact the Brooks Crossroads Granite, this would imply a pre-Ordovician 
age for D2 orogenesis, which in turn conflicts with U-Pb SHRIMP analyses that yield 
Devonian-Mississippian anatectic granitoid crystallization and metamorphic ages for 
Neoacadian orogenesis. U-Pb SHRIMP analysis revealed a , .... ,322 Ma crystallization 
age for this granitoid indicating it is not the Brooks Crossroads Granite. Geochemical 
data presented herein suggest the granitoid is a body derived from local partial melting 
analogous to in situ formation of other EIP granitoids. 
Sample Description and Petrology 
Field characteristics and modal analyses of granitoids collected for this study 
are provided in Chapter 2. Classification of Gilreath granitoids according to normative 
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Table 3-1. Whole-rock oxide weight percents and trace element (ppm) concentrations 
for Gilreath quadrangle granitoids. 
GL1690 GL250 GL761 GL30 6[1303 GL1 170 
Sample ID OBCl OBC2 OBC3 MG RFl RF2 
Brooks Brooks Brooks 
Unit Crossroads Crossroads Crossroads Mississippian Rocky Face Rocky Face 
Granite Granite Granite granitoid pluton pluton 
Tectonic unit WIP WIP WIP WIP EIP EIP 
Type Analysis Detection Limit 
RJS-ICP 
Si02 0.01% 72.05 68.62 72.73 7 1.78 70.63 73.2 1 
Al203 0.01% 15.14 15.91 14.87 15. 17 14.95 13.76 
Fe203 (f) 0.01% 1 .33 1 .8 0.71 1 .34 1 .92 2.55 
MnO 0.01% 0.019 O.Q15 O.Q15 0.021 0.02 1 0.04 
MgO 0.01% 0.45 0.49 0.22 0.42 0.58 0.87 
CaO 0.0 1% 2.3 1 1 .39 1 .93 1 .78 1 .22 2.23 
NaiO 0.01% 4.5 1 4. 15 3.76 3.45 3.46 3.52 
K20 0.01% 2.71 5.5 1 4.3 1 4.77 5.06 2.66 
Ti02 0.001% 0. 164 0.533 0.084 0. 172 0.372 0.286 
P20.s 0.01% 0.06 0. 16 0.04 0.08 0. 13 0.07 
LOI 0.01% 0.50 0.88 0.68 0.63 1 . 19 0.65 
TOTAL % 99.24 99.46 99.35 99.61 99.53 99.84 
Ba 1 .0 ppm 1 170 1486 949 1094 984 475 
Be 1 .0 ppm nd 1 4 2 2 2 
Sr 2.0 ppm 372 577 275 233 269 157 
V 5 .0 ppm nd 25 9 20 30 37 
y 1 .0 ppm 5 3 6 3 4 8 
INAA 
As 1 .0 ppm nd nd 2 3 
Au 0.001 ppm nd 3 nd nd 3 nd 
Br 0.5 ppm nd nd nd nd nd 0.9 
Co 0. 1 ppm 2.7 2.7 1 .5 2.7 3.7 5.8 
Cr 0.5 ppm 3.8 9.4 3.6 4 10.8 4. 1 
Hg 1 .0 ppm nd nd nd nd nd nd 
Ir 0.001 ppm 1 nd nd nd 6 nd 
Mo 2.0 ppm nd nd nd 2 nd nd 
Sb 0. 1 ppm -0. 1 nd 0. 1 nd 0.1 0. 1 
Sc 0.01 ppm 2.62 1 .77 2.16  2.59 3.14 6.03 
Se 0.5 pmm nd nd 0.6 nd nd nd 
w 1 .0 22m nd nd nd nd nd nd 
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Table 3-1 .  Continued. 
GL1690 GL250 GL761 GL30 GL1303 GL1 170 
Sample ID OBCl OBC2 OBC3 MG RFl RF2 
Brooks Brooks Brooks 
Unit Crossroads Crossroads Crossroads Mississippian Rocky Face Rocky Face 
Granite Granite Granite granitoid pluton pluton 
Tectonic unit WIP WIP WIP WIP EIP EIP 
Type Analysis Detection Limit 
FUS-MS 
Bi 0. 1 ppm 0. 1 nd 0.3 nd nd nd 
Ce 0. 1 ppm 8.46 146 16 41 .3 53.1 44 
Cs 0. 1 ppm 1 .5 0.5 3 .1  1 .7 1 .6 2.9 
Dy 0.02 ppm 0.79 0.63 0.94 0.66 0.7 1 .56 
Er 0.01 ppm 0.49 0. 18 0.57 0.3 0.33 0.66 
Eu 0.005 ppm 0.326 1 .29 0.368 0.5 18 0.869 0.696 
Ga 1 .0 ppm 20.0 25 20 15 22 15  
Gd 0.02 ppm 0.78 2.88 1 .07 1 . 19 1 .75 2.37 
Ge 0.5 ppm 0.8 0.7 1 1 . 1  0.6 1 .3 
Hf 0. 1 ppm 3.0 9.3 2.4 1 .9 5 3.2 
Ho 0.01 ppm 0. 16 0.08 0. 19 0. 1 1  0. 12 0.25 
In 0.1 ppm nd nd nd nd nd nd 
La 0.05 ppm 4. 10 82.8 8.5 1 13.7 30.8 22.8 
Lu 0.002 ppm 0.075 0.021 0. 103 0.043 0.052 0.092 
Nb 0.2 ppm 4.7 3.6 4.4 2.2 4.4 6.3 
Nd 0.05 ppm 3.45 43.6 6. 13 9.8 17.7 15.8 
Pr 0.02 ppm 0.92 14.2 1 .69 2.81 5.09 4.3 
Rb 2.0 ppm 103 95 120 105 15 1  86 
Sm 0. 1 ppm 0.88 5.62 1 .35 1 .81 2.76 3.02 
Sn 1 .0 ppm - 1  3 4 2 3 4 
Ta 0. 1 ppm 0.58 0. 1 0.6 0. 1 0.3 0.4 
Tb 0.01 ppm 0. 1 3  0.22 0. 17 0. 16 0. 18 0.34 
Th 0.05 ppm 2.41 19. 1 3.71 8.65 23.7 12.7 
Tl 0.05 ppm 0.68 0.64 0.76 0.44 1 .05 0.58 
Tm 0.005 ppm 0.075 0.026 0.093 0.042 0.048 0.091 
u 0.05 ppm 1 .73 0.82 4.88 0.59 2. 19 1 . 14 
Yb 0.01 ppm 0.49 0. 16 0.65 0.27 0.33 0.59 
Zr 1 .0 ppm 102 416 74 66 184 103 
TD-ICP 
Ag 0.5 ppm nd nd nd nd nd nd 
Cd 0.5 ppm nd nd nd nd nd nd 
Cu 1 .0 ppm nd 2 3 nd 3 3 
Ni 1 .0 ppm nd 1 2 3 2 4 
Pb 5.0 ppm nd 33 34 2 1  30 16 
s 0.001 ppm nd nd 0.004 nd nd nd 




Figure 3-2. Well-foliated and deformed Brooks Crossroads sample OBC3. (a) Strongly 
foliated and deformed Brooks Crossroads Granite (below) in.fault contact with Silurian­
Devonian metagraywacke (above). See Fig. 6-8 for picture of folding at this outcrop 
on Cherry Grove Lane. (b) Deformation microfabrics of OBC3. Note the development 
of myrmekite indicative of solid-state deformation and recrystallization. Recrystallized 
quartz laminae are common throughout the section, which indicates high-temperature 
annealment of strained quartz. The two darker gray grains above quartz label in the top 
left of the photo show subgrain development resulting from overprinting deformation 
above chlorite grade. Abbreviations: ksp-K-feldspar; ms-muscovite; mym-myrmekite; 
and qtz-quartz. 
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feldspar compositions (Table 3-2) (Barker, 1979) agrees with classification according to 
IUGS modal abundances (Streckeisen, 1976) presented in Chapter 2 (Fig. 2-3), which 
show all samples range from granite to granodiorite (Fig. 3-3). IP granitoids are meta- to 
peraluminous with normative corundum values increasing from 0.61 to 0.73 wt. % for 
Ordovician Brooks Crossroads samples OBCl and OBC3; to 1 .21 and 1.29 wt. % for 
Rocky Face pluton samples; and to 1.88 wt. % in the Mississippian granitoid. Sample 
OBC2 has a higher normative corundum value than other Brooks Crossroads samples 
(0.98 wt. % ) and lower normative quartz ( 19.38 wt. % ). 
Granitoid Geochemistry 
Variation diagrams 
Compositions of IP granitoids plot accordingly on Harker variation diagrams 
with decreasing linear trends for compatible elements and increasing linear trends for 
incompatible elements (Figs. 3-4 and 3-5). In general, WIP granitoids tend to be more 
silica enriched (68-78%) relative to EIP granitoids (64-78%), with lower K20/Na203 
(1.00 versus 1.64, respectively). Weaker trends with increasing silica in EIP granitoids 
(i.e., CaO, MgO, Al203, and P20J relative to WIP trends probably reflect in situ melting 
and assimilation of metasedimentary rocks of inherently variable geochemical signatures 
from which EIP granitoids were derived. In general, all new Gilreath granitoid data plot 
along observable trends of other IP granitoids, with the exception of OBC2, which has 
notably lower concentrations of Si02, Fe203, MgO, and CaO. 
Additional variation diagrams were constructed using trace elements to determine 
a geochemical connection, if any, between the Rocky Face pluton and the Toluca Granite. 
Goldsmith et al. (1988) informally designated the Rocky Face pluton as Toluca Granite 
based on petrographic similarities and distribution of the two units. Diagrams show that 
both plutons do have distinctively low Ti02 (0.12--0.37 wt.%), Nb/Y (0.22--0.79), and 
Uffh (0.07--0.11) values (Fig. 3-6). Given similar petrography, overall geochemistry 
and distinctive trace element compositions noted above, it is reasonable to infer that the 
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Table 3-2. Granitoid CIPW normative compositions. Norms calculated using Excel 
spreadsheet courtesy of H. Y. McSween. 
Sample ID GL1690 GL250 GL761 GL30 GL1303 GLl 1 70 
OBC I OBC2 OBC3 MG RFI RFI 
Brooks Brooks Brooks 
Unit Crossroads Crossroads Crossroads Mississippian Rocky Face Rocky Face 
Granite Granite Granite granitoid pluton pluton 
Tectonic belt WIP WIP WIP EIP EIP EIP 
Normative Mineralogy 
Quartz 29.25 19.38 29.61 27.06 35.23 28.50 
Corundum 0.73 0.98 0.61 1 .88 1 .2 1  1 .29 
� Orthoclase 16.0 1 32.56 25.47 29.90 1 5.72 28. 1 9  
Albite 38. 16 35. 12  3 1 .82 29.28 29.78 29. 19  
Anorthite 1 1 .07 5.85 9.3 1 5.20 10.61 8.3 1 
Hypersthene 2.75 2.88 1 .43 3.55 5.34 2.68 
en 1 . 12 1 .22 0.55 1 .44 2. 1 7  1 .05 
fs 1 .63 1 .66 0.88 2. 1 1  3. 1 8  1 .63 
Magnetite 0. 1 9  0.26 0. 1 0  0.28 0.37 0. 1 9  
Chromite O.o t 0.02 0.01 0.02 0.0 1 0.0 1 
Ilmenite 0.3 1 1 .01  0. 1 6  0.7 1 0.54 0.33 
A2atite 0. 14  0.38 0.09 0.3 1 0. 1 7  0. 1 9  
Mississppian gnmitoid a Gl.30MG 
Rocky Face pluton a GL1303 RF1 
• GL1 170 RF2 
Brooks Crossroads Granite 
a GL169008CI 
e Gl.250 08C2 
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Figure 3-4. Harker variation diagrams for WIP granites. 
62 
1 .5  


































•• • • .. • • • • 
• • 




• • • • • • • • . •• • ••o • •• • ••• •  • • . • 
Ali03 
• • • • • • • • • • • • .. .... • • • • • • •  • • • • 
• 
CaO 
• . • • • • • . • • 
• • • 0 • • . 
• • • . • • • • • • 
70 
Si02 
75 80 60 65 
Gilreath quadrangle samples 
MISSissppian Granltold 
• GL30 MG 
�b"rr1o�°R.F1 
• GL1170 RF2 
Eastem Inner Piedmont Granltolds 
• Anderson's Mil l  • Toluca 
• Cherryville • Pacelot Mill 
• Gray Court • Pelham 
• • • • 
• •  0 • • • • 
• • 
• • 





• • • 
•• • • • 
. • 
• · �  • • • 
• • 
• 
• • • • • • ... 
70 
Si02 
• Reedy River 
















• . • 
• 
75 
Figure 3-5. Harker variation diagrams for EIP granites. 
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Rocky Face pluton is the northeastern equivalent of the Devonian Toluca Granite (-378 
Ma, U-Pb SHRIMP; Mapes, 2002). 
Trace element geochemistry 
Trace element spider diagrams show that WIP granitoids display at least two 
distinct signatures (Fig. 3-7). The first signature is defined only by Dysartsville Tonalite 
samples and characterized by lower large ion lithophile (LIL) element and high-
field strength (HFS) element (La, Ce, Nd, Hf, and Zr) concentrations than other WIP 
granitoids. The second signature, displayed by all other WIP granitoids, is characterized 
by higher LIL (> 100 sample/primitive mantle) and HFS (> 10 sample/primitive mantle) 
element concentrations and is remarkably similar that of EIP granitoids. The marked 
trough at Ta-Nb for both EIP and WIP granitoids is probably the result of continental 
crust contamination, which preferentially enriches ascending magmas in LIL elements 
without enrichment in immobile Ta-Nb (Wilson, 1989). Although the trough may be an 
artifact of arc-related magmatism (see Ch. 4), the evolved nature of IP granitoids and 
likelihood of contamination prohibits such speculation solely on this basis. The transition 
from Ta to Nb is an additional distinction between IP granitoids; it is negative for most 
WIP granitoids and positive for most EIP granitoids. This distinction is observable for 
Gilreath granitoids accordingly, with the exception of OBC2, which has a sharp positive 
transition from Ta-Nb. U-Th transitions also vary for Brooks Crossroads samples, which 
show a positive transition from Th to U for OBCl and OBC3 (U/fh = 0.72 and 1 .32, 
respectively) and a negative transition for OBC2 (U/fh = 0.04). 
REE geochemistry 
A similar distinction between Dysartsville Tonalite samples and other WIP 
granitoids is also observed in rare earth element (REE) plots as Dysartsville samples have 
lower light-rare earth element (LREE) concentrations (<100 sample/chondrite) resulting 
in flatter REE patterns than other WIP granitoids (LREE > 100 sample/chondrite) (Fig. 
3-8). In general, WIP granitoids have higher HREE (> 10 sample/chondrite) than EIP 
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Figure 3-7. Chondrite-normalized trace element diagrams for IP 
granitoids. Chondrite values are from McDonough et al . ( 1992). 
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Figure 3-8. Primitive mantle-normalized REE diagrams for IP 
granitoids. Primitive mantle values are from McDonough et al. (1992). 
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granitoids, producing flatter REE patterns. Brooks Crossroads Granite samples OBCl 
and OBC3, as well as the Rocky Face pluton and Mississippian granitoid trends, agree 
with WIP and EIP trends, respectfully. The geochemical distinctiveness of OBC2 from 
other Brooks Crossroads samples is most evident in its REE pattern. It is exceedingly 
more enriched in LREE (>100 sample/chondrite) and strongly depleted in HREE (<1 
sample/chondrite ). 
Both WIP and EIP granitoids are strongly depleted in Sr and have negative Eu 
anomalies. Such anomalies are only observed for RFl out of the six Gilreath granitoids 
analyzed. All other samples have absent to slightly positive Eu anomalies. 
Tectonic discrimination diagrams 
Tectonic discrimination diagrams (Pearce et al., 1984) reveal both WIP and EIP 
granitoids retain a volcanic arc signature with some overlap in the within-plate field for 
WIP granitoids (Fig. 3-9) and syn-collisional field for EIP granitoids (Fig. 3-10). Those 
WIP samples that tend toward the within-plate field, i.e., the Henderson Gneiss, and 
Caesar's Head and Sugarloaf Mountain granitoids, are samples that are enriched in the 
most incompatible trace elements and LREE. Gilreath granitoid samples plot accordingly 
to EIP and WIP trends. Brooks Crossroads and Rocky Face pluton samples are restricted 
to the volcanic arc field, whereas the Mississippian granite overlaps this setting and the 
syn-collisional field. OBC2 is low in Ta and Yb  and does not cluster with other Brooks 
Crossroads samples. 
Synthesis and Conclusion 
IP magmatism is not only temporally segregated across the BCF, but also retains 
geochemical characteristics that distinguish WIP/eastern Tugaloo terrane granitoids from 
EIP/Cat Square terrane granitoids. In general, WIP granitoids have lower �O/Na203, 
higher Si02, and flatter REE patterns relative to EIP granitoids. Although WIP and 
EIP granitoids do share characteristics such as negative Eu anomalies and volcanic arc 
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granite; YAO-volcanic-arc granite; and WPG-within-plate granite. 
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Figure 3-10. Tectonic discrimination diagrams for EIP granitoids (Pearce et 
al. ,  1984). Abbreviations: ORG-orogenic granite; syn-COLG-syn-collisional 
granite; VAG-volcanic-arc granite; and WPG-within-plate granite. 
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signatures, overlap in the within-plate field for WIP granitoids, as opposed to overlap 
in the syn-collisional field for EIP granitoids, further distinguishes these two pulses of 
IP magmatism. These distinctions agree with previous isotopic work that show initial 
ENd (-2.0 to -4.0) values and high initial 87Sr/86Sr for WIP granitoids, indicating they are 
probably derived from a continental crust source, although one that is less evolved than 
the EIP granitoid source (Vinson, 1999; Mapes, 2002). A volcanic arc signature in WIP 
granitoid tectonic discrimination diagrams of WIP granitoids is probably an artifact of 
melting preexisting Grenvillian crust of a volcanic arc terrane based on T DM ages between 
1 .2 and 2.0 Ga. EIP granitoids have lower initial ENd (-1 .6 to -6.4), and higher initial 
87Sr/86Sr (0 .705-0.717) and �180 (10.3-10.5%) values similar to the metasedimentary 
rocks they intrude (Mapes, 2002; Mapes et al., 2002; Bream, 2003; Bream et al. ,  2004). 
Overlap into the volcanic-arc field in the case of EIP granitoids, is an artifact of anatectic 
melting of metapsammite and pelitic rocks, of which the bulk of was derived from a 
volcanic arc terrane (Carolina superterrane and WIP Ordovician-Silurian volcanic arc). 
Zircon grains were likely resorbed into high-temperature WIP and EIP melts, resulting in 
the lack of inherited grains in these granitoids. 
New geochemical analyses of granitoids of the Gilreath quadrangle support a 
WIP-setting for the Ordovician Brooks Crossroads Granite exposed in the BCF footwall 
and an EIP-setting for the Rocky Face pluton and Mississippian granitoid. Based on 
these analyses, the following conclusions may be made: 
1 .  Although OBCl and OBC3 are low in HFS elements and have characteristic flat REE 
patterns as other WIP granitoids, OBC2 does not show such trends. OBC2 has a higher 
normative corundum value, HFS element and incompatible element concentrations, and 
a significantly steeper REE pattern than other Brooks Crossroads samples. These data 
may support a composite nature for the Brooks Crossroads Granite, which contains at 
least two stages of melt production, despite not being able to observe more than one 
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phase either petrographically or in the field. The steep, HREE-depleted signature of 
0BC2 probably reflects limited partial melting of a garnet-bearing source. Early melt 
production must have occurred at sillimanite grade indicated by sillimanite inclusions 
in primary muscovite in 0BC2 (see Ch. 2). Flatter REE signatures typical of Vinson's 
(1999) sample and samples 0BC1 and 0BC3 of this study, are likely the product of 
higher degrees of partial melting that incorporated garnet residues. Inconsistent Uffh 
values of 0.72 for 0BC1, 0.04 for 0BC2, and 1.32 for 0BC3 are probably the product of 
varying proportions of Th-bearing accessory minerals such as monazite and/or allanite or 
may reflect local contamination of the granite resulting from assimilation of xenoliths. 
2. The Rocky Face pluton is probably the northeast equivalent of the -378 Ma Toluca 
Granite because of petrographic similarities and similar trace element concentrations. 
3. Local Devonian-Mississippian granitoids are probably derived by anatexis of local 
metasedimentary rocks, analogous to formation of other EIP granitoids, as supported by 
similar REE and trace element patterns and high normative corundum value of 1.88 wt. 
% for sample MG. A -322 Ma crystallization U-Pb SHRIMP age (Gatewood, 2006) for 
this sample indicates minimal melt conditions existed into the Alleghanian. 
4. Although plagioclase was preferentially concentrated in the solid phase or was 
completely absent from source rocks for most IP granitoids that have a negative Eu 
anomaly; plagioclase must have been a contributing liquidus phase in intermediate-felsic 
magmatism locally in the northeasternmost IP to produce near-absent to slight-positive 
anomalies of Gilreath quadrangle granitoids. Alternatively, the absence of a pronounced 
Eu anomaly for Gilreath granitoid samples may reflect high/02 or high-temperature 
conditions. Absent to positive Eu anomalies for Rocky Face pluton samples may be 
considered additional evidence that relates this body to the Toluca Granite, which, in 




CHAPTER 4: THE NATURE AND ORIGIN OF 
INNER PIEDMONT AMPHIBOLITES 
The distribution and abundance of amphibolite varies markedly with location 
throughout the IP. Amphibolite is scarce in the EIP, occurring only as boudins, small 
exposures, or dispersed map-scale (-10 km) pods. It is more common in the WIP where 
it occurs as map-scale bodies of Poor Mountain Amphibolite (PMA) in GA-SC and 
equivalent rocks in NC, in addition to discontinuous lenses, pods, and boudins within the 
Tallulah Falls Formation lower metagraywacke-schist-amphibolite member and Lenoir 
Quarry migmatite (see Fig. 1-2) (Hatcher, 1971 ; 1978 ; Rankin et al., 1972; Goldsmith 
et al., 1988 ;  Hopson and Hatcher, 1988 ;  Davis, 1993; Yanagihara, 1994; Bream, 1999 ; 
Giorgis, 1999 ; Kalbas, 2003; Merschat, 2003; Gatewood, 2006). 
Studies of northeastern IP mafic and ultramafic rocks have focused on details of 
ultramafic or altered ultramafic outcrops (Misra and Keller, 1978 ; Misra and McSween, 
1984; Butler, 1989 ; Mittwede, 1989 ; Warner et al., 1989) and PMA (Davis, 1993; 
Yanagihara, 1994; Bream, 1999 ; Giorgis, 1999; Kalbas, 2003). No geochemical study 
of eastern Inner Piedmont amphibolite (EIPA) has been conducted to date. Amphibolite 
is readily found in the Gilreath quadrangle as float, small outcrops, and xenoliths, and it 
occurs as a map-scale unit adjacent to the Rocky Face pluton in the Hiddenite 7.5-minute 
quadrangle south of the study area. Amphibolites collected and analyzed as part of this 
study include xenolith samples from the Rocky Face pluton (GL1461 RFX) and Walker 
Top Granite (GL1574 WTX), and a sample from the Hiddenite body (HQ1671 HA) to the 
south (Fig. 4-1 and Plate 1 ). EIPA geochemical data were compared to preexisting WIP 
PMA geochemical datasets from five individual studies (Davis, 1993; Yanagihara 1994; 
Bream, 1999 ; Giorgis, 1999 ; Kalbas, 2003). 
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Figure 4-1. Map showing locations of amphibolite sampled for geochemical analyses. 
Map is compilation of detailed Gilreath 7.5-minute quadrangle geology (this study) and 
part of reconnaissance map of the Hiddenite 7.5-minute quadrangle (Goldsmith et al., 
1988). 
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Previous studies of PMA concluded it is metamorphosed mid-oceanic tholeiite 
basalt, suggested by overlap of data in the MORB and volcanic arc fields of tectonic 
discrimination diagrams (Pearce and Cann, 1973), coupled with little deviation from 
MORB-normalized REE diagrams (Davis, 1993; Yanagihara 1994; Bream, 1999;  Giorgis 
1999;  Kalbas, 2003). The bimodal nature of Taconian magmatism in the WIP, however, 
in addition to the significant overlap in MORB/arc fields on tectonic discrimination 
diagrams, supports speculation that PMA originated in a juvenile island-arc or a back­
arc spreading center. Although the possibility of an arc scenario was not discounted by 
the previous authors, limited trace element data in four (Davis, 1993; Yanagihara 1994; 
Bream, 1999;  Giorgis 1999) of five studies, precluded geochemical differentiation of this 
setting. This study also reexamines the nature and origin of PMA and utilizes a more 
complete trace element data set from Kalbas (2003) to reevaluate PMA geochemical 
characteristics and to construct new tectonic discrimination diagrams. 
Sample Collection and Analytical Methods 
Three samples of EIPA listed above were collected from fresh exposures 
within the Gilreath and Hiddenite 7.5-minute quadrangles (Fig. 4-1 and Plate 1). 
Each sample was cut into five "4.0 cm x 2.5 cm x 2.5 cm sections using a diamond 
bit trim saw; washed with tap water; rinsed with isopropyl alcohol; and dried. The 
sections were crushed into -0.5 cm or smaller chips, mixed, and split by quartering to 
prepare representative, yet unbiased samples. At least 30.0 g of each quartered sample 
was powdered with an alumina ceramic mill and sent to Activation Laboratories in 
Ancaster, Ontario, for geochemical analysis. Multi-element whole-rock analyses were 
performed using inductively coupled plasma emission spectroscopy employing lithium 
metaborate/tetraborate fusion (FUS-ICP) and total digestion {TD-ICP) methods, as well 
as inductively coupled plasma mass spectroscopy (ICP-MS), and Instrumental Neutron 
Activation Analysis (INAA) as indicated in Table 4-1. Standards, duplicates, and blank 
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Table 4-1 .  Whole-rock oxide weight percents and trace element (ppm) 
concentrations for EIP amphibolite samples from the Gilreath and 
Hiddenite 7 .5-minute �uadran1les. Sample ID HQ1671  HA GL1461 RFX GL1574 WTX 
Walker Top 
Unit Hiddenite Rocky Face Granite Amphibolite pluton xenol_i�h xenolith 
Type Analysis Detection Limit 
FUS-ICP 
Si02 0.0 1 %  5 1 .84 52.77 48. 13  
Al2� 0.0 1% 13.39 14.76 15.6 Fe203 (f) 0.0 1 %  8.7 1 10.48 1 1 .6 
MnO 0.001% 0. 162 0. 179 0. 192 
MgO 0.0 1% 5.77 4.97 6.9 
CaO 0.01 %  13.94 8.92 8.72 
Na20 0.01 %  2.9 3.49 2.52 
K20 0.01 %  0.26 0.85 1 . 18 Ti02 0.001% 1 .327 1 .649 3.335 P20s 0.01 %  0. 17 0. 14 0.41 
LOI 0.01 %  0.72 0.55 0.79 
TOTAL % 99. 18  98.74 99.37 
Sr 2.0 ppm 269 15 1 415 
y 1 .0 ppm 27 42 21  
Be 1 .0 ppm 1 1 2 
V 5.0 ppm 25 1 308 304 
INAA 
Au l .O ppb nd nd nd 
As 1 .0 ppm 10 3 9 
Ba l .O ppm 140 160 190 
Br 0.5 ppm nd nd nd 
Co 0. 1 ppm 39.4 34.3 34.9 
Cr 0.5 ppm 176.8 54.3 15 130.05 
Hg 1 .0 ppm nd nd nd 
Ir 1 .0 ppm nd nd nd 
Mo 2.0 ppm nd nd nd 
Sb 0. 1 ppm 0.91 0. 14 0. 14 
Sc 0.0 1  ppm 38. 1 6  36.36 32.4 
Se 0.5 ppm nd nd nd 
w l .O ppm nd nd nd 
Zn 1 .0 22m 68 nd 56 
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Table 4-1. Continued 
Sample ID HQ1671 HA GL1461 RFX GLI574 wrx 
Walker Top 
Unit Hiddenite Rocky Face Granite 
Amphibolite pluton xenolith xenolith 
Type Analysis Detection Limit 
FUS-MS 
Bi 0. 1 ppm 1 .4 0.3 0.5 
Ce 0.05 ppm 15.8 22.3 33.7 
Cs 0. 1 ppm 0. 1 0.2 13.2 
Dy 0.01 ppm 4.52 7. 16  3.92 
Er 0.01 ppm 2.72 4.63 2.02 
Eu 0.005 ppm 1 .25 1 .68 1 .96 
Ga 1 .0 ppm 15  19  18 
Gd 0.01 ppm 4. 17 6. 1 3  4.7 1 
Ge 0.5 ppm 2. 1 1 .7 1 .8 
Hf 0. 1 ppm 2.6 3.4 2.7 
Ho 0.01 ppm 0.91 1 .5 1  0.71 
In 0. 1 ppm nd nd nd 
La 0.05 ppm 6.6 8.77 14. 18 
Lu 0.002 ppm 0.355 0.630 0.25 1 
Nb 0.2 ppm 5.2 3.6 1 3.2 
Nd 0.05 ppm 1 1 .4 17.0 20.4 
Pr 0.0 1 ppm 2.35 3.28 4.57 
Rb l .O ppm 6 9 56 
Sm 0.0 1 ppm 3.45 5 .06 5.04 
Sn l .O ppm 1 1 4 
Ta 0.0 1 ppm 0.36 0.27 1 .06 
Tb 0.01 ppm 0.74 1 . 14 0.73 
Th 0.05 ppm 0.44 1 .87 1 .36 
Tl 0.05 ppm 0.06 nd 0.49 
Tm 0.005 ppm 0.401 0.691 0.287 
u 0.01 ppm 0.30 1 .70 0.72 
Yb 0.01 ppm 2.49 4.32 1 .77 
Zr 1 .0 ppm 100 107 1 14 
TD-ICP 
Ag 0.5 ppm nd nd nd 
Cd 0.5 ppm 1 .7 2.2 2.6 
Cu 1 .0 ppm 55 17 19 
Ni 1 .0 ppm 60 25 37 
Pb 5.0 ppm 7 nd nd 
Zn 1 .0 ppm 82 80 74 
s 0.001% 0.007 0.009 0.023 
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analyses were made to establish quality control. Standard thin sections were made of 
each sample. 
Sample Description and Petrology 
Field characteristics and modal analyses of EIPA samples collected for this 
study are given in Chapter 2. EIPAs are composed of 44-49% hornblende and 36-49% 
plagioclase, with the exception of the Walker Top Granite xenolith, which has significant 
proportions of biotite (13.46 %) and opaques (4.54% ), which are most likely ilmenite. 
Relict growth zoning in euhedral plagioclase is observed in Rocky Face pluton xenolith 
sample (see Fig. 2-9). The Hiddenite amphibolite shows symplectic plagioclase-epidote 
and sericite-epidote-calcite replacement of euhedral plagioclase (see Fig. 2-9). 
The Hiddenite amphibolite sample has high Ca/Fe and Ca/Mg yielding much 
higher normative diopside (37.07 wt. % versus 10.45 and 17.56 wt. % ) and lower 
normative hypersthene (6.53 wt. % versus 16.00 and 18.93 wt. %) than other samples 
(Table 4-2). The Walker Top Granite xenolith has much lower silica than other samples. 
It is the only olivine normative sample (3.12 wt. % ) and it has a significantly higher 
normative composition of ilmenite (6.33 wt. %). The Rocky Face pluton xenolith has 
normative compositions transitional between the other two samples. 
Amphibolite Geochemistry 
Ortho- versus Para-amphibolite 
To establish a sedimentary versus igneous-origin of IP amphibolite, a diagram of 
Niggli values mg - (al-alk) - c is used (Fig. 4-2) (Leake, 1964). 
mg = 100 x (MgO / [FeO + MnO + 2Fe203 + MgO]) (4-1) 
al-alk = Al203 - (Na20 + K20) 
c = CaO 
(4-2) 
(4-3) 
. Although a trend is not discemable with only three EIPA analyses, these data do cluster 
with PMA, which shows a strong igneous trend in three (Davis, 1993; Yanagihara, 1994; 
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Table 4-2. CIPW norms for EIP amphibolite samples of this 
study. Norms calculated using Excel spreadsheet courtesy of H. 
Y. McSween. 
Sample ID HQ167 1  HA GL1461  RFX GL1 574 WTX 
Hiddenite Rocky Face Walker Top 
Amphibolite Pluton xenolith xenolith 
Nonnative Mineralogy 
Quartz 1 .06 2.06 0.00 
Orthoclase 1 .54 5.02 6.97 
Albite 24.54 29.53 2 1 .32 
Anorthite 22.76 22. 1 1 27.78 
Diopside 37.07 17.56 10.45 
WO 1 8.9 1 8.87 5.35 
en 10.57 4.36 3 . 10  
fs 7.59 4.34 2.00 
Hypersthene 6.53 16.00 1 8.93 
en 3 .80 8.02 1 1 .49 
fs 2.73 7.98 7.44 
Olivine 0.00 0.00 3 . 12  
fo 0.00 0.00 1 .82 
fa 0.00 0.00 1 .30 
Magnetite 1 .26 1 .52 1 .68 
Chromite 0.04 0.0 1 0.03 
Ilmenite 2.52 3 . 1 3  6.33 
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Figure 4-2. Plots of Niggli mg-(al-alk)-c values for EIP amphibolites and PMA. Mg=IOO 










0 + 1½0), and c=CaO 
(Leake et al. ,  1964). Source of data is noted in the bottom right-hand comer of each 
triangle plot. 
8 1  
Giorgis, 1999) of the five previous studies. (Note: Original plots of all five PMA datasets 
were constructed using miscalculated Mg values with MgO absent from the denominator. 
New plots taking this error into account produced a shift in original data points away 
from the mg apex, although a strong igneous trend was maintained.) 
Variation diagrams 
Variation diagrams are often used to identify geochemical trends indicating 
primary igneous processes such as fractional crystallization, partial melting, and/or 
assimilation, in addition to post-crystallization submarine hydrothermal or other 
metasomatic alteration (Wilson, 1989 ; Rollinson, 1993). Variation diagrams of major 
element and trace element compositions of EIPA and PMA were constructed using Mg # 
and Zr as the differentiation index (Figs. 4-3, 44, and 4-5). 
MgO I (FeO(t) + MgO) (4-4) 
The Mg # is a good indicator of igneous processes as it readily decreases as fractionation 
proceeds (Cox et al., 1979). Zr is a highly incompatible element lending to trends 
opposite Mg #, as Zr increases in concentration as fractionation proceeds (Wilson, 1989). 
In general, EIPA trends agree with PMA trends. Mg # plots show strong 
increasing trends for CaO and compatible Ni and Cr, and strong decreasing trends for 
Ti02, and incompatible Nb, V and Y. Zr plots show opposite relationships, with strong 
decreasing trends for MgO and compatible Ni and Cr, and strong increasing trends for 
Ti02, and incompatible Nb, V, and Y. 
Alkaline versus subalkaline basalts 
Due to the mobility of major elements, especially alkalies, classification of 
igneous protoliths employing these elements must be used with caution (Wilson, 1989). 
For example, IP amphibolites occur within both the subalkaline and alkaline fields on an 
alkali versus silica plot (Fig. 4-6) (Cox et al., 1979); however, all samples readily plot 
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Figure 4-6. Alkali versus silica plot after Cox et al . ( 1979) showing volcanic rock 
equivalents of EIP and WIP amphibolites. Dividing line between alkaline and sub­
alkaline magma series is from Miyashiro (1978). This diagram illustrates a less reliable 
classification of IP amphibolite protoliths because of the mobile nature of alkalies and 
silica during metamorphism. 
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diagram of Irvine and Baragar ( 1971) (Fig. 4-7). A subalkaline trend is also· documented 
as all IP amphibolite data plot within the subalkaline basalt-andesite fields of a Nb/Y-Zr/ 
Ti02 diagram (Winchester and Floyd, 1977) (Fig. 4-8). 
Trace and REE geochemistry 
Unique geochemical signatures of both EIPA and PMA are distinguishable using 
trace element and rare earth element (REE) abundance diagrams (Figs. 4-9 and 4- 10). 
The Hiddenite amphibolite and Rocky Face pluton xenolith have similar trace and REE 
trends. Concentrations of both trace elements and REEs approximate 8-1 Ox, producing 
relatively flat REE pattern diagrams without a significant Eu anomaly. The Walker Top 
amphibolite xenolith shows trace and REE trends that are notably different from the 
other two EIPA samples. It is enriched in mobile large ion-lithophile (LIL) elements (Cs, 
Rb, K, and Sr), La, Th, U, and Ce and light-rare earth elements (LREE) and is relatively 
depleted in heavy-rare earth elements (HREE). The Hiddenite amphibolite has a slight 
trough at Ta-Nb. 
Of the five previous PMA studies, only Yanagihara (1994) and Kalbas (2003) 
used trace element plots, however these plots were of restricted use because only average 
concentrations were used or a limited number of select elements (Sr, K20, Rb, Nb, P205, 
Zr, Ti02, Y, Cr, and Ni) of minor discriminating power were plotted. Nonetheless, these 
plots did illustrate PMA concentrations are more similar to MORB, and enriched relative 
to island-arc tholeiite. The approximate 1: 1 relationship of PMA averages with MORB 
concentrations lent to interpretations in favor of a MORB-origin for PMA. Because of 
limited trace element analyses in previous PMA studies (Davis, 1993; Yanagihara, 1994; 
Giorgis, 1999; Bream, 2003), detailed assessment of PMA trace and REE geochemical 
trends was limited to a more complete dataset from Kalbas (2003). 
Reevaluation of Kalbas' (2003) PMA dataset reveals at least three distinctly 





Figure 4-7. AFM diagram of IP amphibolite data. From Irvine and Baragar ( 1971). 
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Figure 4-9. EIPA trace and rare earth element geochemistry plots. Normal izing 
chondrite and primitive mantle values are from McDonough et al. ( 1992). 
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Figure 4-10. PMA trace and rare earth element geochemistry plots. Data from Kalbas 
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et al . (1992). See text for explanation of Group I, II, and III di vision of PMA data. 
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have slightly LREE-depleted to essentially flat REE patterns (-7- lOx chondrite) with no 
pronounced Eu anomalies. Group I samples do differ from Group II samples, however, 
by having pronounced depletions in Nb and Ta. Group III, defined by one sample, has 
significantly lower concentrations of REE relative to Groups I and II, and is strongly 
depleted in most compatible trace elements and REE. 
Post-crystallization alteration of both EIPA and PMA is evident by spikes 
in incompatible LIL elements Ba, Th, K, and P. To better establish the unaltered 
geochemical signature of the tectonic setting, only the most immobile elements with 
the highest discriminating power (based on Pearce, 1996, from Martinez et al., 2006) 
are plotted normalized to N-MORB (Fig. 4-11) (Saunders and Tarney, 1984). The 
elements Th, Nb, Ce, Zr, Ti, and Y are arranged from left to right in order of decreasing 
incompatibility with garnet lherzolite (Pearce, 1982). Both EIPA and PMA are slightly 
more enriched than N-MORB, showing peak and troughs similar to the chondrite­
normalized diagram. 
Tectonic discrimination diagrams 
Tectonic discrimination diagrams are particularly useful for revealing the 
nature and origin of igneous rocks as different tectonic environments impart distinct 
geochemical fingerprints on associated igneous rocks. Comparisons of new EIPA data 
and previous plots of PMA data from all five previous studies, illustrate that, in general, 
both the Hiddenite amphibolite and the Rocky Face pluton xenolith occur with PMA, 
which plots in distinctly MORB-defined fields and overlapping MORB and island-arc 
tholeiite fields on tectonic discrimination diagrams employing Zr, Ti, Y, and Nb (Fig. 4-
12) [after Pearce and Cann ( 1973) and Pearce and Norry ( 1979); modified from plots by 
Kalbas, 2003]. The Walker Top Granite xenolith, again appears inherently different from 
the other two EIPA, as it plots within or approximate to the within-plate to continental 
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Figure 4-12. Zr-Ti-Y-Nb based tectonic discrimination diagrams for EIPA and PMA. (a­
b) Ti/100-Y x3-Zr and Ti-Zr diagrams from Pearce and Cann (1973). (c)Zr/Y-Zr diagram 
from Pearce and Norry (1979). (a-c) include amphibolite samples with 20.0 wt.% > Cao 
+MgO > 12.0 wt.% and are modified from Kalbas (2003). (d) Ti02-Y /Nb diagram after 
Aoyd and Winchester (1975). EIPA samples include the Hiddenite amphibolite (CaO 
+MgO= 19.7 wt.%; green square), Rocky Face xenolith (CaO +MgO= 13.9 wt.%; pink 
square), and Walker Top xenolith (CaO +MgO= 15.6 wt.%; blue square). PMA symbols 
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New discrimination diagrams using immobile high-field strength (HFS) elements 
La, Y, Th, Hf, Nb, Ta and Yb  of high discriminating power were plotted to better 
characterize the nature of IP amphibolite (Fig. 4-13). Only geochemical analyses from 
Kalbas (2003) and this study were employed because of limited data in other studies. 
The Y /15-Nb/8-La/10 tectonic discrimination diagram (Cabanis and Lecolle, 
1989 in Rollinson, 1993) is used to differentiate basalts of volcanic arc, continental-
and oceanic-origin (Fig. 4-13a). This diagram is particularly useful for distinguishing 
MORB-derived basalts from volcanic arc basalts, because island-arc magmas are often 
depleted in Nb, as it readily substitutes for Ti in refractory sphene and rutile, both of 
which are stable in subduction environments with high PH2o and Po2 (Wood et al., 1979 ; 
Rollinson, 1993). PMA plots within the volcanic arc field overlapping both the tholeiite 
and calc-alkali series. A consistent trend for EIPA is less readily discemable. The 
Hiddenite amphibolite and the Rocky Face pluton xenolith both plot near the back-arc 
basin field, although the Hiddenite amphibolite tends toward overlapping volcanic arc 
tholeiite and calc-alkali fields with PMA data, and the xenolith tends toward the weakly 
enriched E-type MORB field. The Walker Top Granite amphibolite xenolith plots within 
the continental basalts field. 
Another diagram used to distinguish different types of MORB and identify 
volcanic arc basalts is based on three immobile HFS elements: Th, Hf, and Ta (Fig. 
4-13b) (Wood, 1980). This diagram readily distinguishes N-type MORB with lower 
Th/Hf and Ta/Hf ratios from E-type MORB basalts, which tend to be less depleted in 
incompatible Th and Ta. Island-arc magmas are also distinguishable on this diagram 
because they are typically depleted in Ta, which like Nb, readily substitutes for Ti in 
refractory sphene and rutile in subduction zones. PMA plots within the calc-alkali and 
tholeiite series of a destructive plate margin field, (i.e. volcanic arc). Again, scatter in 
E IPA data is apparent. The Hiddenite amphibolite plots within the calc-alkali basalt field, 
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Figure 4-13. Y-Nb-La-Hf-Ta-Th-Y b based tectonic discrimination diagrams for EIPA 
and PMA. (a) La/10-Y /15-Nb/8 diagram (after Cabanis and Lecolle, 1989 in Rollinson, 
1993). (b) Hf/3-Ta-Th diagram (Wood, 1980). (c) Th/Yb versus Ta/Yb diagram (Pearce, 
1983). EIPA samples include the Hiddenite amphibolite (green square), Rocky Face 
pluton xenolith (pink square), and Walker Top Granite xenolith (blue square). PMA data 
from Kai bas (2003) includes Group I (black asterisk), Group II (purple asterisk), and 
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whereas the Rocky Face pluton xenolith and the Walker Top Granite xenolith plot in 
transition zones of E-MORB to N-MORB and E-MORB to alkaline within-plate basalts, 
respectively. 
Finally, contribution of subduction versus mantle components can be estimated 
using a diagram based on Thffb and Ta/Yb ratios (Pearce, 1982). Both Th and Ta are 
equally impacted in magmatic processes that involve only sub-continental mantle. Rocks 
generated under these conditions will project along the mantle array, whereas rocks 
generated at a subduction zone or influenced by crustal contamination will plot with a 
shift to the left of the array due to enrichment of Th during such processes. Yb is used as 
a normalizing factor because it reduces variations in Th and Ta related to partial melting 
and fractional crystallization, and it is not affected by dehydration of oceanic crust at 
subduction zones (Pearce, 1982 in Martinez et al., 2006). Again, this plot clearly shows 
a convergent margin trend for tholeiitic and calc-alkaline PMA, and calc-alkaline affinity 
for the Hiddenite amphibolite. EIPA xenoliths plot along the enrichment trend of the 
mantle array. 
Synthesis and Conclusion 
Although high-temperature metamorphism and polyphase deformation has 
destroyed primary textures of EIPA, an igneous origin for these rocks is supported by 
relict growth zoning in euhedral plagioclase (see Fig. 2-9), and variation diagrams that 
show trends consistent with fractional crystallization of a basaltic protolith (Figs. 4-4, 4-
5, and 4-6). Nevertheless, post-crystallization modification has altered concentrations of 
mobile LIL elements such as Rb and Sr and major elements, especially Na20, �O, and 
P205, as indicated by weak and/or inconsistent trends in variation diagrams employing 
these elements. Higher concentrations of P205, Nb, Sr, Rb, and LIL elements in the 
Walker Top Granite xenolith are probably due to more extensive contamination of this 
xenolith by the host Walker Top Granite, which is supported by significant quantities 
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of biotite and ilmenite in this sample. A higher level of Ti in the Walker Top Granite 
xenolith is the result of ilmenite, and prohibits certainty in the signature of this sample in 
geochemical diagrams that employ Ti. 
EIPA retain geochemical characteristics of both volcanic arc and E-type MORB 
basalts. The Hiddenite amphibolite strongly favors a calc-alkaline, volcanic arc origin 
evident by a Ta-Nb trough in trace element diagrams that is signature of arc magmas, 
and it occurs in this field in tectonic discrimination diagrams using trace elements of 
high-discriminating power. Despite these arc-like traits of the Hiddenite amphibolite, 
this sample also appears similar to the Rocky Face pluton xenolith, which has more 
MORB-like characteristics. Both samples have similar flat REE patterns with negative 
Eu anomalies, typical of MORB-magmas derived from attenuated melting of the depleted 
asthenospheric mantle (Wilson, 1989), and both occur within distinct and overlapping 
MORB fields of tectonic discrimination diagrams employing Ti, Zr, Y, and Nb. Although 
both amphibolites occur near the back-arc basin field of the Y /15-Nb/8-La/10 diagram, 
these samples differ in that the Rocky Face pluton xenolith tends toward the E-type 
MORB field, whereas the Hiddenite amphibolite tends toward the volcanic arc field. The 
influence of an E-type MORB source for the Rocky Face pluton xenolith is apparent in 
other discrimination diagrams and is also supported by an enriched trace element pattern 
relative to N-MORB. The Walker Top Granite xenolith also plots within or proximal 
to E-type MORB fields, in addition to within-plate/continental tholeitte basalt fields of 
tectonic discrimination diagrams. Alteration of this xenolith sample by the host Walker 
Top Granite may be responsible for the within-plate/continental tholeiite signature of this 
sample. 
Merschat and Hatcher (2006) proposed the EIP is composed of Siluro-Devonian 
flysh/molasse sequences and ophiolite suites that represent the last remnant of the 
Theic ocean basin between Laurentia and the approaching peri-Gondwanan Carolina 
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superterrane. Like the remnant ocean basins of models by Graham et al. ( 1975) and 
Ingersoll et al. (1995, 2003), the EIP represents a short-lived, shrinking ocean basin 
containing metapsammite, pelitic, and ocean floor assemblages with mixed crustal 
affinities [Laure�tian (1 . 1, 1 .2, 1 .8, 2.8 Ga) and peri-Gondwanan (500 and 600 Ma)] ; 
however, the question that remains is how did such a basin form? Generation of volcanic 
arc basalts with mixed island-arc tholeiite and E-type MORB signatures has been noted 
in present-day back-arc basins of the Izu-Ogasawara arc in the northwest Pacific (Ikeda 
and Yuasa, 1989). Increased heat flow due to the associated mantle diapirs of E-type 
MORB compositions may produce thermal weakening of the overlying crust, which in 
tum facilitates spreading in back-arc depressions. Based on preliminary data presented 
in this study, a similar back-arc scenario may have existed in the EIP, where magmas 
of both island-arc tholeiite and E-type MORB signatures were generated. Inception 
of an Early Devonian back-arc basin in the EIP probably originated during waning 
stages of Middle Ordovician-Early Silurian east-dipping subduction beneath the eastern 
Tugaloo volcanic arc terrane (Fig. 4-14). Biotite migmatite in the Hibriton mylonite with 
crystallization ages as young as 448--434 Ma could be the source of 430 Ma detrital 
zircons in Cat Square terrane metasedimentary units (Gatewood, 2006). Although a 
back-arc basin could have originated by west-dipping subduction of oceanic crust in 
the Theic ocean, this scenario seems less likely because evidence of an early Silurian 
arc has not been documented east of the Cat Square terrane (although it could be buried 
beneath the Carolina superterrane ). West-dipping subduction would also require polarity 
reversal or subduction of a remnant ocean basin by early Devonian to subduct Cat 
Square terrane rocks to >12 km depth for formation of anatectic Walker Top Granite at 
406 Ma (Gatewood, 2006). Certainly, this model is speculative at best, given that only 
three EIPA samples were analyzed; two of which are amphibolite xenolith samples that 
have E-type MORB signatures, which may be the result of contamination by the host 
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Figure 4- 14. Schematic diagram illustrating inception of a back-arc basin and origin of the Cat Square terrane. Back-arc 
magmatism would have been influenced by volcanic arc magmas generated during the waning stages of east dipping, Late 
Silurian subduction beneath the Tugaloo terrane and E-type MORB magmas generated by an upwelling mantle plume. 
granitoids. Additional work, supported by large-seal� and widespread samp�ing, is 
needed to document the geochemical signatures of E IPA map-scale bodies and xenolith 
samples to address at least two remaining questions: ( 1) Do all map-scale amphibolites 
retain a volcanic arc signature? (2) Are amphibolite xenoliths sampling a large-body of 
amphibolite in the lower crust that retains an E-type MORB signature or is this signature 
a product of contamination? 
Reevaluation of PMA data from Kalbas (2003) indicates a tholeiitic to 
calc-alkaline volcanic arc origin for these rocks using newly constructed tectonic 
discrimination diagrams and trace element plots that show an arc-characteristic depletion 
in Ta-Nb. A volcanic arc origin for PMA is also supported by spatial and temporal 
association with Middle Ordovician intermediate to felsic plutons. The influence of a 
MORB-component during generation of these magmas must be reconciled, however, as 
MORB-normalized diagrams of Yanagihara (1994) and Kalbas (2003) show some PMA 
have -1: 1 relationships to typical-MO RB compositions, and all previously studied data 
sets produce at least some overlap into MORB fields of tectonic discrimination diagrams. 
PMA mixed geochemical signatures probably reflect different degrees of partial melting, 
varying PHio and Po2, and/or influence of slab-derived fluids and melt, in addition to 
magma derived from the depleted mantle wedge that retains N-type MORB signatures 
(Tamey et al. , 1977; Wilson, 1989). 
A volcanic arc origin for WIP Middle Ordovician mafic and intermediate-felsic 
granitoids indicates Taconian volcanism is not limited to central Blue Ridge metavolcanic 
rocks of the Dahlonega gold belt (Hurst and Jones, 1973 ; Mcconnel and Abrams, 
1984 ; German, 1985 ; Higgins et al., 1988 ;  Spell and Norrell, 1990; Settles et al. , 2002). 
Although upper amphibolite facies metamorphism and intense, polyphase deformation 
have destroyed primary volcanic textures such as pillows and amygdules, which are 
preserved in lower-grade, staurolite-kyanite zone rocks of the gold belt (Hatcher and 
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Goldberg, 1991), IP metavolcanics clearly retain a volcanic arc geochemical fingerprint. 
Removal of 200+ km of Neoacadian dextral displacement on the BFZ, in addition to 
Taconian NW-directed displacement on the Hayesville-Soque River fault system, restores 
the WIP and Dahlonega Gold belt to relative positions that suggests these two tectonic 
belts could be part of the same Middle Ordovician volcanic arc extending along the 
Laurentian margin. 
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CHAPTER 5: GEOTHERM0BAROMETRY 
Introduction 
Unraveling the metamorphic history of any suite of crystalline rocks is an 
integral part in understanding the tectonic evolution the associated orogen. During 
metamorphism, rocks undergo solid-state reactions, which produce new mineral 
assemblages and may result in complete or almost total obliteration of original rock 
fabrics and stratigraphy when coupled with intense, polyphase deformation. Several 
principles/techniques can be applied to discern the metamorphic evolution of an area. 
A first-order approach of delineating metamorphic wnes or facies based on index 
minerals or whole-rock assemblages is fundamental for characterizing the nature of 
metamorphism in an area. In addition to these basic petrologic techniques, metamorphic 
conditions can be refined to a P-T-t path using phase-equilibria geothermobarometry, fluid 
inclusions, zircon saturation temperatures, apatite fis�ion tracks, radiogenic isotopes, and 
thermochronology (Spear, 1993 ). 
Four decades of detailed geologic mapping in the IP, petrographic analyses, and 
recent geochronologic data have confirmed a high-temperature Neoacadian (360-350 
Ma) event in the IP. Muscovite-absent, K-feldspar-sillimanite schist indicative of 
sillimanite II grade metamorphism documents upper amphibolite facies conditions 
throughout central portions of the IP (Fig. 5-1) [Merschat, 2003 ; Hatcher and Merschat, 
(in press)]. Although previous geothermobarometry yielded peak P-T conditions of 3.� 
7 .0 kbar, 5�850°C that agree with observed mineral assemblages (Davis, 1993;  Mirante 
and Patino-Douce, 2000; Bier et al., 2002; Merschat, 2003), early geothermobarometry 
conducted as part of this study produced estimates in the kyanite stability field. The 
purpose of this chapter is to present mineral composition and P-T estimates from 
metagraywacke samples from the Gilreath quadrangle to better delimit metamorphic 
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Figure 5-1 .  Neoacadian metamorphic isograd map of the Tugaloo and Cat Square terranes, the Dahlonega gold belt, the Pine 
Mountain window (PMW) in AL-GA and the Sauratown Mountains (SMW) window in NC-VA. CHM-Chattahoochee-Holland 
Mountain fault. GL-Gossan Lead fault. BFZ-Brevard fault zone. BC-Brindle Creek fault. From Hatcher and Merschat (in 
press) and sources therein. 
these data were combined with other geothermobarometry estimates, zircon and monazite 
geochronology, and fission track studies to modify the temperature-time model of the Cat 
Square terrane proposed by Merschat (2003) and Hatcher and Merschat (in press). 
Geologic Setting 
The IP comprises more than half of the Neoacadian orogenic core. Pervasive 
migmatization, upper amphibolite facies assemblages, and in situ formation of Devonian­
Mississippian anatectic granitoids (378 Ma Toluca Granite, 406 and 366 Ma Walker 
Top Granite, 355 Ma Cherryville Granite, and 357 Ma Gray Court Granite) indicate 
the Neoacadian was a hot thermal event (Davis, 1993; Mapes, 2002; Kalbas, 2003; 
Merschat, 2003; Gatewood, 2006). Central portions of the IP reached second sillimanite 
grade metamorphism (Fig. 5-1 ), defined by Evans and Guidotti ( 1966) and Chatterjee 
and Johannes (1974) as the coexistence of sillimanite and K-feldspar and absence of 
muscovite [Merschat, 2003; Hatcher and Merschat, (in press)]. 
KA13Si301oCOH)2 + Si02 = Al2Si05 + KA1Si308 + H20 (5-1) 
Muscovite + Quartz = Sillimanite + K-feldspar + Water 
Although second sillimanite grade schist occurs throughout the Ellendale quadrangle 
to the southwest, all sillimanite schist in the Moravian Falls and Gilreath quadrangles 
contains muscovite, indicating these rocks did not cross the second sillimanite isograd 
(Fig. 5-2). Ubiquitous prismatic sillimanite as large as 5.0 cm prompted speculation 
that rocks of the Brindle Creek thrust sheet may have reached second sillimanite grade 
metamorphism (Bier, 2001), or the prismatic grains are pseudomorphs after kyanite (Bier 
et al. ,  2002). Although rare occurrences of kyanite have been noted (Williams, 2000; 
Bier, 2001; Merschat, 2003), sillimanite rarely replaces kyanite, but instead grows as 
fibrolite within muscovite or biotite, and the kyanite is replaced by muscovite (Yardley 
et al. ,  1990). Williams (2000) and Bier (2001) observed this texture in aluminous schists 
in the South Mountains, NC (Fig. 5-2). Lower grade zones flank the high-grade core and 
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Figure 5-2. Photomicrograph of sillimanite and kyanite in IP aluminous schist. (a) 
Prismatic sillimanite in sample GL1395 collected north of the Wilkes-Iredell County 
line. (b) Kyanite being replaced by muscovite in sillimanite-schist sampled from the 
Dysartsville quadrangle, NC (Williams, 2000). Thin section is thick therefore yielding a · 
higher order interference color for kyanite. Abbreviations: bt-biotite; ky-kyanite; ms­
muscovite; opq-opaques; qtz-quartz; and sil-sillimanite. 
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are defined by kyanite-staurolite and garnet to the west and kyanite to the east (Fig. 5-1) 
[Butler, 199 1 ;  Hatcher and Goldberg, 199 1 ;  Hatcher and Merschat, (in press)] .  Previous 
workers interpreted the metamorphic gradient along the northwestern flank as a structural 
inversion of the isograds due to southwestward thrusting of sillimanite grade rocks over 
gamet-staurolite grade rocks (Lemmon and Dunn, 1973a, 1973b; Griffin, 1974a, 1974b; 
Lemmon, 1982; Hatcher, 1987; Nelson et al., 1987; Hopson and Hatcher, 1988; Hatcher 
and Goldberg, 199 1 ;  Hatcher, 2002). 
Recent U-Pb TIMS monazite and SHRIMP zircon analyses reveal a 360-350 Ma 
age for peak metamorphism in the IP (Dennis and Wright, 1997 ; Carrigan et al., 2001;  
Bream, 2003). This time coincides with peak deformation and emplacement of the 
Brindle Creek thrust sheet, which is constrained by the paucity of magmatism as young 
as -366 Ma in the WIP and a -342 Ma migmatization age of footwall rocks near Lenoir, 
NC (Kalbas et al., 2002; Bream, 2003). Younger monazite and zircon ages of 330-320 
Ma are the product of later reheating during the Alleghanian orogeny and coincide with 
emplacement of anatectic granitoids such as the -325 Ma Reedy River pluton (Dennis 
and Wright, 1997; Carrigan et al., 2001; Mapes, 2002; Bream, 2003). 
IP rocks cooled relatively quickly throughout the Alleghanian. Rb-Sr and 40Ar/ · 
39 Ar mineral ages of GA IP granitoids indicate these rocks cooled to 600°C by 3 15± 17 
Ma (van Breemen and Dallmeyer, 1984). Apatite fission-track analyses show continued 
significant cooling to <225°C at 300-280 Ma (Naeser et al., 2001), followed by slower 
cooling during the Mesozoic and Cenozoic, with uplift through the apatite closure 
temperature (90-100°C) at a rate of 16 m/m.y. (Naeser et al., 2001). 
Methodology 
Three garnet-bearing metagraywacke samples (VM115, GL468, and GL1511) 
were collected from the Gilreath quadrangle to obtain P-T estimates using an electron 
microprobe (EMP) (see Fig. 5-3 and Plate 1 for sample locations). Polished thin sections, 
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Figure 5-3. Map showing locations of metagraywacke sampled for EMP analyses. Note 
metagraywacke sample VMl 15 was sampled from "48 m below the surface where 
Walker Top Granite occurs. 
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used for petrographic and EMP analyses, were prepared by myself for sample VM 115 
and by Quality Thin Sections in Tucson, Arizona for samples GL1511 and GL46 8. 
Compositional analyses were performed with a four-spectrometer Cameca SX-50 
fully automated EMP at the University of Tennessee Department of Earth and Planetary 
Sciences EMP facility under direction of Dr. Lawrence A. Taylor and Allan Patchen. 
Preliminary work included a qualitative determination of the elemental compositions of 
all phases using energy dispersal systems. X-ray maps of selected elements (i. e. ,  Ca, 
Fe, Mg, Mn, K, and Na) were made to examine garnet zoning and to better elucidate 
test areas. A voltage potential of 15kV and beam current of 20 nA were used with a 2 
µm beam size. The beam current was modified to 10 nA for analysis of feldspar. Count 
times were 20 seconds for each element. The microprobe was calibrated using both 
mineral and synthetic standards. All data were corrected for matrix effects using ZAF 
(PAP) procedures. GTB computer software by Spear and Kohn (2001) was used to plot 
P-T estimates. All EMP data are reported in Appendix 1. 
Zoned Minerals and Diffusion 
Minerals that undergo growth zoning, such as garnet, are particularly useful 
for deciphering the metamorphic evolution of a rock, because elemental partitioning 
throughout these grains record chemical changes over time, thus documenting the P-T 
history. Interpreting the nature of mineral zoning in rocks subjected to temperatures > 
600°C is difficult, however, because of the effects of volume diffusion, which modifies 
original growth zoning patterns. Volume diffusion is a thermally activated process driven 
by change in external conditions . .  At high temperatures, the effects of system changes 
occur exponentially more rapid and begin to modify equilibrium compositions at rims of 
previously crystallized grains. This process sets up an internal chemical gradient between 
the core and rim of the grain, initiating diffusion (Spear, 1993 ). 
1 1 1  
Gamet is perhaps the most useful mineral in geothermobarometry, because it is 
ubiquitous in metamorphic terranes and it readily displays zoning in of major cations 
Fe, Mg, Mn, and Ca. Gamet growth zoning profiles generally display steep curves 
due to Rayleigh fractionation, which produces a distinctive bell-shaped curve for Mn 
in garnets growing at greenschist to lower amphibolite facies (Fig. 5-4a-c) (Hollister, 
1966). In contrast, volume diffusion profiles are commonly recognized by the absence 
of this Mn-bell curve and the presence of flatter core profiles (Fig. 5-4d-e). Under high­
grade metamorphic conditions, garnets tend to homogenize due to rapid diffusion rates 
(Tracey et al., 1976; Yardley, 1977; Spear, 199 1, 1993; Kohn et al., 1992). As the host 
rock undergoes cooling and diffusion rates slow, a chemical potential gradient forms in 
response to exchange and net transfer reactions occurring at the garnet rim, which results 
in diffusion zoning. 
Whether or not minerals tend to develop diffusion zoning depends on the 
chemical species and minerals involved. For example, Fe and Mg readily migrate 
along the void space between layers in biotite and chlorite, causing these minerals to 
homogenize due to relatively fast diffusion rates. Given mass balance constraints of 
reactions, it can be assumed that in a sample with a large volume proportion of biotite to 
garnet [(V � biotite) < 0.01] ,  only the biotite in the vicinity of the gam�t will exchange 
with the relatively small flux of Fe and Mg added and removed from the diffusing garnet 
(Spear, 1991). Space availability is also the controlling factor for faster diffusion of 
Mn in garnets, which is accommodated by 8-fold sites. Plagioclase and amphibole do 
not usually homogenize because of relatively slow diffusion rates retarded by coupled 
diffusion of CaAl <=> NaSi and/or AlAl <=> MgSi (Tschermak's exchange) (Grove et 
al., 1984; Spear, 1993). Although not foolproof, these generalizations can be useful in 
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Figure 5-4. Sequential development of diffusion zoning in garnets of increasing 
metamorphic grade (a-e) from Connemara, Ireland. Note steep zoning and "bell-shaped" 
Mn curve in profiles of lower metamorphic grade garnets (a-c). Profiles of garnets 
well within the sillimanite zone; (d-e) show homogeneous cores and rims modified by 
diffusion. (a) Staurolite zone. (b) Lowermost part of the staurolite-sillimanite transition 
zone. (c) Upper part of the staurolite-sillimanite transition zone. (d) Lower sillimanite 
zone. (e) Upper sillimanite zone. From Spear ( 1993), modified from Yardley ( 1977). 
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Geothermometers used in this study include the garnet-biotite (Eq. 5-2, Hodges 
and Spear, 1982), garnet-hornblende (Eq. 5-3, Graham and Powell, 1984) and gamet­
chlorite [Eq. 5-4, Dickenson and Hewitt, 1986 modified in Laird (1988)] exchange 
thermometers. 
Fe3Al2Si3012 + KMg3AlSi30 10(0H)2 = Mg3Al2Si3012 + KFe3AlSi3010(0H)2 (5-2) 
Almandine + Phlogopite = Pyrope + Annite 
4Mg_AI2Si3012 + Na�FeASi6022(0H)2 = 4Fe�2S�012 + 3Na�M�l3Si6022(0H)2 (5-3) 
Pyrope + Fe-hornblende = Almandine + Mg-hornblende 
5Mg3Al2Si30 12 + 3Fe�l2Si3010(0H)8 = 5Fe3Al2Si3012 + 3Mg�l2Si3010(0H)8 (5-4) 
Pyrope + Chamosite = Almandine + Clinochlore 
Like most geothermometers, these reactions are based on. exchange of components (i.e., 
Fe and Mg) between phases, resulting only in a change in mineral composition, but not 
abundance. 
Pressures are calculated using garnet-aluminum silicate-plagioclase-quartz 
(GASP) (Hodges and Spear, 1982) and garnet-plagioclase-hornblende-quartz (Kohn and 
Spear, 1990) barometers described by the following reactions, respectively: 
3CaAl2Si208 = C�Al2Si3012 + 2Al2Si05 + Si02 (5-5) 
Anorthite = Grossular + Aluminum silicate + Quartz 
6CaAl2Si208 + 3Ca2Fe5Si8022(0H)2 = 2�Al2Si3012 + Fe3Al2Si2012 (5-6) 
+ 3C�Fe4Al2Si7022(0H)2 + Si02 
Anorthite + Fe-Actinolite = Grossular + Almandine + Fe-Tschermakite + Quartz 
These reactions are net transfer reactions resulting in the production of one phase at 
the expense of another. Net transfer reactions typically result in large volume changes 
(� V reaction), resulting in a pressure-sensitive equilibrium constant sensitive to pressure 
(Spear, 1993). 
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The GASP geobarometer is widely used partly because it involves a common 
occurring assemblage found in most petites, despite documented shortcomings of the 
barometer. For example, slow reaction rates and uncertainty in dP/dT slopes derived 
from equilibrium reversals result in ±2.0 kbar error for locating end-member equilibrium 
conditions of this reaction. Secondly, this geobarometer is based on ideal grossular 
activities that are significantly higher than those found in naturally occurring rocks 
(Bohlen and Lindsley, 1987). Given these uncertainties, GASP-estimated pressures 
are compared with pressures estimated using the gamet-plagioclase-homblende-quartz 
barometer, which is generally robust as analytical errors and temperature imprecisions 
propagate to very small errors in pressure, ......,±0.5 kbar (Kohn and Spear, 1990). 
Sample Description 
VM115 - Vulcan Materials 115 quarry metagraywacke sample 
Sample VMl 15 is from a fresh, garnetiferous biotite metagraywacke sampled 
at "48 m depths in drill core donated by the Vulcan Materials Company from a 
quarry located in the northern part of the Gilreath quadrangle. Petrographic analysis 
(Table 5-1) of the sample revealed an equigranular matrix (0.2-0.5 mm) composed 
of quartz, plagioclase, biotite, chlorite, and K-feldspar with subhedral, fractured, and 
embayed garnet porphyroblasts (1.0-3.0 mm). Accessory minerals include calcite, 
pyrite, pyrrhotite, zircon, apatite, allanite, and graphite. Gamet porphyroblasts contain 
numerous inclusions of plagioclase, quartz, K-feldspar, chlorite and all accessory 
phases found throughout the matrix. Gamet profiles typical of volume diffusion show 
homogeneous almandine cores (Al70Py 11Sp6Gr13), which give way to diffused outer rims 
characterized by decreasing FeO and MgO and increasing CaO and MnO (Figs. 5-5 and 
5-6). The asymmetric W- and M-shaped profiles are related to net transfer and exchange 
reactions with surrounding matrix phases and inclusions within the garnet. Foliation­
defining biotite has slightly lower FeO/(FeO+MgO) (0.63-0.65) and significantly higher 
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Table 5-1. Petrographic analyses of migmatitic metagraywacke samples 
selected for geothermobarometric analyses. Note modal analyses are provided 
for GL1511 and GL1468. (X) denotes mineral present in VM115. 
VM l l5 GIA68 GU S H  
ooi nts counted present (X) 864 1020 
Quartz X 36.46 41 .55 
Plagioclase X 29.00 34.78 
K-feldspar X 0.00 0.00 
Biotite X 25.00 2 1 .08 
Muscovite - 0.00 1 .47 
Hornblende - 7.29 0.00 
Chlorite X 0.00 0.00 
Apatite X trace trace 
Epidote X 0.00 trace 
Opaque X trace trace 
Sillimanite - 0.00 0.00 
Kyanite - 0.00 trace 
Calcite X 0.00 0.00 
Gamet X 2.25 1 . 12 
Zircon X trace trace' 
Monazite - trace 0.00 
Allanite X 0.00 0.00 
Xenotime - 0.00 trace] 
Gra:ohite X 0.00 0.00 
Total 100.0 100.0 
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Figure 5-5. X-ray maps of Fe, Mg, Ca, and Mn illustrating garnet zoning patterns in 
sample VMl 15. · Like the garnet pictured here, other garnets analyzed in this study are 
composed of homogenous almandine cores rimmed with zones of decreasing Fe and Mg 
and increasing Ca and Mn. This pattern is typical of garnets that have undergone volume 
diffusion with surrounding matrix phases. Abbreviations: bt-biotite; Cc-calcite; chl­
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Figure 5-6. Gamet zoning profile of sample VM115 garnet #1. (a) Back-scattered 
electron image and locations analyzed. (b) Zoning profile. Gray-shaded boxes denote 
areas of homogeneous garnet compositions. 
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Ti02 (2.54-3.23 wt.%) than biotite inclusions in garnet [FeO/(FeO+MgO) = 0.66--0.70 ;  
Ti02 = 0.51-1.24 wt.%]. Plagioclase inclusions in garnet vary from pure al bite (An4) to 
complexly zoned plagioclase (An� to homogeneous labradorite (An58). 
GIA68 - Hornblende-bearing metagraywacke sample 
Sample GL468 is a fine- to medium-grained, equigranular (0.25-0.50 mm), 
homblende-bioite-plagioclase-quartz gneiss with garnet porphyroblasts (1.0-3.5 mm). 
Accessory minerals include apatite, ilmenite, zircon, and monazite (Table 5-1 ). Quartz 
ribbons pervade the section and are composed of quartz displaying subgrain development 
or high-angle boundaries, indicating annealment at high temperatures. Matrix biotite 
[FeO/(FeO+MgO) = 0.50-0.54; Ti02 = 2.18-3.33 wt.%] occurs as subhedral laths and 
is interlayered with homogenous anhedral hornblende [Fe/(FeO+MgO = 0.54]. Probe 
analyses reveal homogeneous andesine (An4J plagioclase compositions, although 
optically zoned plagioclase was observed in thin-section. Subhedral-anhedral garnets 
are strongly fractured and embayed, and contain numerous inclusions of biotite, quartz, 
plagioclase, and opaques throughout. Biotite in contact with garnet rims does not vary in 
composition from matrix biotite. Synkinematic garnet growth is indicated by alignment 
of plagioclase and quartz inclusions parallel to the dominant S2 foliation. Homogeneous 
almandine garnet cores (Al62Py 11Sp9Gr18) give way to rims with zoning profiles analogous 
to those observed for VM115 (Figs. 5-7, 5-8, and 5-9). 
GLl 511 - Liberty Church quarry metagraywacke sample 
Sample GL15 I 1 was collected from an abandoned quarry on Liberty Church 
Road. Modal analysis of the sample indicates a mineral assemblage of muscovite, biotite 
[FeO/(FeO+MgO) = 0.49--0.51 ; Ti02 = 1.77-2.69 wt.%], plagioclase (An40--0), and quartz 
with trace occurrences of zircon, apatite and prismatic epidote-clinozoisite ranging from 
0.2-1.0 mm (Table 5-1 ). Matrix phases are subhedral and average 0.5 mm, although few 
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Figure 5-7. Gamet zoning profile of sample GL468 garnet #1. (a) Back-scattered 
electron image and locations analyzed. (b) Zoning profile. Gray-shaded box denotes 
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Figure 5-8. Gamet zoning profile of sample Gl..468 garnet #2. (a) Back-scattered 
electron image and locations analyzed. (b) Zoning profile. Gray-shaded box denotes 
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Figure 5-9. Gamet zoning profile of sample GL46 8 garnet #3. (a) Back-scattered 
electron image and locations analyzed. (b) Zoning profile. Gray-shaded box denotes 
areas of homogeneous garnet compositions. 
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has similar Fe/(FeO+MgO) (-0.48) and lower Ti02 ( 1.31 and 1.57 wt.%) than matrix 
biotite. Subhedral, fractured, and embayed garnet porphyroblasts (-3.0 mm) have few, 
scattered inclusions of biotite, quartz, apatite, zircon, and xenotime, which have no 
preferred orientation and occur throughout the grain. Homogeneous almandine cores 
have the highest spessartine and grossular components (Al45Py 06Sp 19Gr� of all samples 
analyzed (Figs. 5-10 and 5-11 ). Diffusion-modified zoning profiles are characterized by 
a decrease in FeO coupled with increase in CaO within garnet rims. Zoning of MnO and 
MgO is not as pronounced in this sample, al�hough, concentrations of these components 
are slightly less in garnet rims than average core compositions. One garnet with 
numerous xenotime inclusions shows apprec�able zoning of Y 203 with values as high as 
2400 ppm in the garnet core and below detection limit (<0.03%) near the rims (Fig. 5-11). 
Petrogenesis of Metagraywacke Assemblage 
Petrographic analyses of the metagraywacke samples reveal the following mineral 
assemblage: 
± Muscovite ± K-feldspar ± Epidote-Clinozoisite 
± Hornblende + Garnet + Biotite + Plagioclase + Quartz 
Despite the absence of muscovite in the presence of minor K-f eldspar, the lack of 
petrographic evidence supporting a high-temperature origin for the K-feldspar precludes 
interpretation that VMl 15 represents a second sillimanite grade mineral assemblage. 
The absence or lack of an aluminum-silicate phase in all samples is due to original bulk 
composition. Nevertheless, the ubiquitous occurrence of sillimanite in surrounding 
metapelites, hornblende in metagraywackes, and pervasive migmatization parallel to 
the S2 foliation throughout the study area indicates these assemblages mark near peak 
metamorphic conditions .. The migmatitic nature of metagraywackes and metapelites 
indicates metamorphic conditions were above the wet granite solidus of Luth et al. 
( 1964). The absence of staurolite and association of metagraywacke with muscovite-
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Figure 5- 10. Gamet zoning profile of sample GL15 1 1 garnet #1. (a) Back-scattered 
electron image and locations analyzed. (b) Zoning profile. Gray-shaded box denotes 
areas of homogeneous garnet compositions. 
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Figure 5-11. Garnet zoning profile of sample GL1511 garnet #2. (a) Back-scattered 
electron image and locations analyzed. (b) Zoning profile. Gray-shaded box denotes 
areas of homogeneous garnet compositions. 
125 
biotite-sillimanite-schist limit Gilreath quadrangle samples to the first sillimanite zone 
of upper amphibolite facies on the KFMASH (K-Fe-Mg-Al-Si-H20) petrogenetic grid 
of Spear and Cheney (1989) (Fig. 5- 12). Although evidence for second sillimanite zone 
metamorphism is not observed in the Gilreath quadrangle, aluminous schist assemblages 
in the IP core indicate metamorphic grade above the muscovite stability field. The lack of 
granulite facies index minerals, i.e., orthopyroxene, cordierite, or two-pyroxenes in mafic 
rocks, suggests these rocks record P-T conditions transitional between upper-amphibolite 
and granulite facies (Fig. 5-12) (Merschat, 2003). 
Results 
Barometers applied to sample VMl 15 combine garnet core values and Ca- and 
Na-rich plagioclase components to calculate pressure conditions. Because the GASP 
barometer only defines an upper stability limit given the absence of an aluminum silicate 
phase (Labotka, per. comm.), pressure estimates using anorthite-rich compositions 
range from -8.5 kbars in the kyanite stability field, to conditions as low as 1.3-2.2 kbars 
constrained by the intersection of estimated barometers and the sillimanite-andal usite 
transition boundary (Fig. 5-13). Pressures estimated using the GASP barometer based on 
garnet core and Na-rich plagioclase components yields results >8.4 kbars. Temperature 
estimates for sample VMl  15 were obtained using garnet core and matrix biotite 
compositions and range from 630--695°C (Fig. 5-13). 
Hornblende-bearing sample GIA68 yields pressure estimates of 5.9-7.4 kbars 
based on GASP barometry using garnet core and matrix plagioclase values, and 4.7-5.7 
kbars based on garnet core and matrix plagioclase and hornblende values (Fig. 5-14). 
Temperature estimates ranging from 535--600°C, are based on garnet-biotite thermometry 
using garnet core and matrix biotite values. Approximate, yet slightly higher 
temperatures ranging from 590-600°C, are based on garnet-hornblende thermometry 
using garnet core and matrix hornblende values (Fig. 5-14). 
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Figure 5-12. Projected P-T conditions of metagraywacke assemblage based on associated 
muscovite-bearing sillimanite schist and migmatite and univariant reactions on the 
KFMASH petrogenetic grid of Spear and Cheney ( 1989). The granite solidus reaction 
line is from Luth et al. (1964). Abbreviations: Als-aluminum silicate; Bt-biotite; Crd­
cordierite; Grt-gamet; Kfs-K-feldspar; Ms-muscovite; St-staurolite; and Qtz--quartz. 
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Figure 5- 13 .  Sample VM1 15 peak P-T estimates. Temperatures estimated using garnet 
cores and matrix biotites. Pressures estimated using garnet cores and varying anorthite­
rich (solid inclined lines) and albite-rich (dashed inclined lines) sites in plagioclase 
inclusions within garnet. Gray box illustrates estimated range in P-T conditions based on 
garnet cores and anorthite-rich plagioclase barometers and garnet cores and matrix biotite 
thermometers. Univariant reaction curves are from the KFMASH petrogenetic grid of 
Spear and Cheney ( 1989). The granite solidus reaction line is from Luth et al . ( 1964). 
Abbreviations: Als-aluminum silicate; Bt-biotite; Crd--cordierite; Grt-garnet; Kfs-K­
feldspar; Ms-muscovite; St-staurolite; and Qtz-quartz. 
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Figure 5-14. Sample G L468 peak P-T estimates. Temperatures estimated using 
garnet cores and matrix biotites (solid near-vertical lines) and garnet cores and matrix 
amphiboles (dashed near-vertical lines). Pressures estimated using garnet cores-matrix 
plagioclases (solid inclined lines) and garnet cores and matrix plagioclase with Fe­
hornblende (inclined long-dashed lines) and Mg-hornblende (inclined short-dashed lines). 
Gray box highlights estimated range in P-T conditions. Univariant reaction curves are 
from the KFMASH petrogenetic grid of Spear and Cheney ( 1989). The granite solidus 
reaction line is from Luth et al. (1964). Abbreviations: Als-aluminum silicate; Bt-biotite; 
Crd-cordierite; Gr.t-garnet; Kfs-K-feldspar; Ms-muscovite; St-staurolite; and Qtz­
quartz. 
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Gamet core and matrix phase analyses of sample GL1511  using gamet-biotite 
thermometry and GASP barometry, yields estimates of 6.3-7 .2 kbars and 440-470°C, 
which plot within the kyanite stability field (Fig. 5-15). 
Cooling temperatures estimated using garnet rims and chlorite inclusions in 
VM115 include -720°C and 870°C (Fig. 5-16). Additional cooling temperatures were 
calculated using garnet compositions proximal to rim inclusions of biotite in samples 
VM115 and GL468 show a range in temperatures from a cluster of data at 550-580°C, to 
as low as 415°C (Fig. 5-17). 
Data Synthesis and Discussion 
Plagioclase inclusions in garnet in sample VMl 15 vary from complexly zoned 
to having pure end-member compositions. This variability in plagioclase inclusion 
compositions and zoning indicates discontinuous dissolution of original anorthite-rich 
plagioclase and precipitation of al bite-rich phases of various An-content throughout 
periods of garnet diffusion. Pressure estimates using anorthite-rich plagioclase phases 
and garnet cores, therefore represent possible peak P-T conditions, whereas pressures 
estimated using more albite-rich plagioclase phases are anomalously high because these 
phases are not in equilibrium with garnet cores. Because of the absence of an aluminum 
silicate phase, GASP barometry estimates define a wide-range in pressures from 8.5 to 
1.3 kbars (Fig. 5-13), however, these estimates can be reasonably limited to at least two 
regions defined by more narrow limits. Possible peak pressures of 7.0-8.7 kbars can be 
approximated based on intersection of upper pressure limits with biotite thermometers of 
630-695°C (Fig. 5-18). These assumptions are supported by similar peak P-T estimates 
(6.2-8.2 kbars and 640--660°C) obtained by EMP analyses of sillimanite-bearing Walker 
Top Granite sampled from the same drill core as VMl  15 (Gatewood, 2006) (Fig. 5-18) 
and would define a steep P-T path (path 1) when combined with retrograde P-T estimates 
of this study. Despite the fact that kyanite-stable pressures of 7.0-8.7 kbars do not agree 
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Figure 5-15. Sample GL1511 peak P-T estimates. Temperatures estimated using garnet 
cores and matrix biotites. Pressures estimated using garnet cores and matrix plagioclases. 
Gray box highlights estimated P-T conditions. Univariant reaction curves are from the 
KFMASH petrogenetic grid of Spear and Cheney (1989). The granite solidus reaction 
line is from Luth et al. (1964). Abbreviations: Ats-aluminum silicate; Bt-biotite; Crd­
cordierite; Grt-gamet; Kfs-K-feldspar; Ms-muscovite; St-staurolite; and Qtz--quartz. 
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Figure 5- 16. Retrograde P-T estimates using sample VM 1 15.  Temperatures estimated 
using garnet rims and biotite inclusions (near-vertical solid lines) and chlorite inclusions 
(near-vertical dashed lines). Univariant reaction curves are from the KFMASH 
petrogenetic grid of Spear and Cheney ( 1989). The granite solidus reaction line is from 
Luth et al. ( 1964). Abbreviations: Als-aluminum silicate ; Bt-biotite; Crd-cordierite; Grt­
garnet; Kfs-K-feldspar; Ms-muscovite; St-staurolite; and Qtz-quartz. 
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Figure 5-17. Retrograde P-T estimates using sample GL46 8. Temperatures estimated 
using garnet rims and surrounding biotite. Univariant reaction curves are from the 
KFMASH petrogenetic grid of Spear and Cheney ( 1989). The granite solidus reaction 
line is from Luth et al. (1964). Abbreviations: Als-aluminum silicate; Bt-biotite; Crd­
cordierite; Grt-gamet; Kfs-K-feldspar; Ms-muscovite; St-staurolite; and Qtz-quartz. 
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Figure 5- 1 8. Possible P-T paths for the Gilreath 7.5-minute quadrangle metagraywacke 
samples. Univariant reaction curves are from the KFMASH petrogenetic grid of 
Spear and Cheney ( 1989). The granite solidus reaction line is from Luth et al . ( 1964). 
Abbreviations: Als-aluminum silicate; Bt-biotite; Crd--cordierite; Grt-gamet; Kfs-K­
feldspar; Ms-muscovite; St-staurolite; and Qtz--quartz. 
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with observed IP sillimanite I and II mineral assemblages, these estimates may document 
early high-pressure conditions within the Brindle Creek thrust sheet, indicated by rare 
kyanite replaced by muscovite (Fig. 5-2). Alternately, estimates of 4.8-5.9 kbars may 
reasonably approximate lower peak pressures, which support a more gently sloping P-T 
path (path 2) when combined with retrograde P-T estimates of this study (see below ; Fig. 
5- 18). If Merschat's (2003) sillimanite II zone estimates of 4.2-6.9 kbars and 760-850°C 
are included, a clockwise P-T path (path 3) may be possible (Fig. 5- 18). 
The discrepancy in GASP and garnet-plagioclase-homblende barometers in 
sample GL468 (Fig. 5- 14), is due in part to inherent problems with the GASP barometer, 
compounded by its limitations in the absence of an aluminum silicate phase. Provided 
these uncertainties, the garnet-hornblende barometer more likely estimates true pressure 
conditions in the Brindle Creek thrust sheet, which is supported by occurrence of these 
estimates in the sillimanite stability field. Overlap of sample GL468 garnet-hornblende 
and gamet-biotite thermometers below the staurolite-out reaction suggests volume 
diffusion did affect both garnet and matrix phases at cooling temperatures of 525--600°C. 
Lack of variation in compositions of matrix biotite and biotite in contact with garnets 
indicates Fe-Mg exchange was not limited to proximities around the garnet. Although 
rates of CaAl <=> NaSi coupled diffusion are typically slow in amphibole and plagioclase, 
these phases must have been involved in cation exchange to produce homogeneous 
amphibole and plagioclase compositions, in addition to diffusion modified profiles of Ca 
within the garnet (Figs. 5-7, 5-8, and 5-9). Based on these data, it seems plausible that 
P-T estimates of 4.7-5.7 kbars and 535-600°C within the sillimanite stability field are not 
peak estimates and likely represent equilibration conditions of garnet, hornblende, and 
plagioclase as the Brindle Creek thrust sheet cooled (Fig. 5- 18). 
Low temperature estimates of 440-470°C using garnet core and matrix biotite 
values in sample GL15 1 1 ,  indicate diffusion occurred throughout the garnet until it 
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cooled below 440°C, at which the rate of Fe-Mg diffusion essentially stops (Fig. 5-15) 
(Spear, 1993). flatter Mn and Mg zoning profiles and high spessartine components 
support wholesale garnet diffusion (Figs. 5-10 and 5-11 ). Provided that diffusion altered 
garnet compositions throughout, estimated pressures using garnet cores are not valid. 
Garnet-chlorite temperature estimates of -720°C and 870°C using sample VM115 
are much higher than expected for retrograde chlorite, which is stable only up to 600°C 
(Fig. 5-16) (Spear and Cheney, 1989 ; Spear, 1993). The error is due to either complex 
zoning in the garnet proximal to the chlorite inclusion, or diffusion had essentially 
stopped within the garnet allowing little to no Fe-Mg exchange as the chlorite formed. 
Sample GL468 yields a cluster of garnet-biotite contact analyses around 550-580°C that 
may document cooling of EIP rocks through these temperatures while under sillimanite 
grade conditions (Figs. 5-17 and 5-18). 
A single, prolonged, high-grade Neoacadian metamorphic event is evident by the 
lack of internal optical zoning in garnets, garnet inclusions similar to matrix assemblages, 
ubiquitous migmatization, anatectic granitoid production, prismatic sillimanite, and areas 
of second sillimanite grade metamorphism throughout the core of the IP (Davis, 1993;  
Bier, 2001; Merschat, 2003; Gatewood, 2006). Although high-temperature conditions 
were > 700°C to reset zircon and monazite rims at 330-320 Ma, evidence of this early 
Alleghanian event is limited to these metamorphic ages and Mississippian granitoids 
derived by partial melting. Peak and retrograde P-T estimates of this study, therefore, 
likely represent Neoacadian metamorphic conditions. Large-scale crustal thickening 
during the Neoacadian resulted in an initial low-geothermal gradient, followed by 
immediate thermal decay and heating of the rocks, so that peak metamorphic assemblages 
are in the kyanite (7.0-8.7 kbars and 630-695°C) or sillimanite zone (4.8-5.9 kbars and 
630-695°C). Thermal relaxation due to moderate or slow rates of uplift and erosion 
resulted in retrograde conditions of 4.7-5.7 kbars and 535-600°C. 
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Conceptual Model 
Utilizing new P-T data combined with recent age dating and fission-track 
analyses, the following tectonic model is modified from Merschat (2003), Hatcher and 
Merschat (in press), and Merschat and Hatcher (in press) (Fig. 5-19). The origin of 
Cat Square terrane metapelite and metapsammite began as mixed Laurentian- and peri­
Gondwanan-sourced turbidite and flysch sequences deposited in a developing back-
arc basin (see Ch. 4). The maximum age of basin inception is delimited by 430 Ma 
detrital zircons (Bream, 2003; Gatewood, 2006). Given an average modem subduction 
rate of 7.0 cm/yr, east-dipping subduction of the Cat Square terrane began "408 Ma to 
establish minimum burial depths of 12 km by -406 Ma to produce anatectic melting 
and catazonal intrusion of the oldest documented bodies of Walker Top Granite in the 
northeastern Brushy Mountains (Gatewood, 2006). This coincides with Late Silurian­
Early Devonian intrusion of the Concord and Salisbury plutonic suites (408-378 Ma) 
in the overriding Carolina superterrane (Butler and Fullagar, 1978 ; Mcsween et al., 
1984, 1991 ;  McSween and Harvey, 1997). As temperatures increased due to progressive 
burial of Cat Square terrane rocks, the Brindle Creek thrust sheet heated up, reaching 
the kyanite zone, followed by sillimanite I and sillimanite II zone conditions, and was 
intruded by Devonian-Mississippian anatectic granitoids (Mapes, 2002). The lack 
of inherited zircons in Neoacadian IP granitoids also documents high-temperature 
conditions throughout the orogen, as zircons were likely resorbed into high-temperature 
melts (Mapes, 2002). Cooling of the IP was the result of tectonic extrusion of IP thrust 
sheets at the open end of an orogenic channel produced by oblique subduction with the 
overriding Carolina superterrane (see Ch. 6). Thermal conditions in the IP peaked above 
minimum monazite and zircon closure temperatures (> 700°C) resetting these systems at 
360-350 Ma (Dennis and Wright, 1997; Mapes, 2002; Bream, 2003). This time coincides 
with peak deformation and emplacement of the Brindle Creek thrust sheet. Younger 
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Figure 5-19. Tectonothermal history of the Brindle Creek thrust sheet modified from 
Merschat (2003) and Hatcher and Merschat (in press). Data sources: 1-Bream (2002). 
2-Bream (2003). 3-Bream et al. (2001). 4-Bream et al. (2004). 5-McSween et al. (1984, 
1991). 6-Carrigan et al. (2001). 7-Davis (1993). 8-Dennis & Wright (1997). 9-Giorgis et 
al. (2002). 10-Luth et al. (1964). 11-Mapes (2002). 12-Mapes et al. (2001). 13-Mirante 
and Patino-Douce (2000). 14-Gatewood (2006). 15-van Breemen and Dallmeyer (1984). 
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monazite and metamorphic zircon rims of 330-320 Ma document a short-lived period 
of cooling after peak Neoacadian metamorphism followed by later reheating during the 
Alleghanian (Dennis and Wright, 1997; Bream, 2003). This final thermal event coincides 
with emplacement of late Mississippian granitoids [--325 Ma Reed River, Mapes (2002)] 
and probably resulted due to final emplacement of the approaching Carolina superterrane. 
Rapid post-Alleghanian uplift cooled rocks to 600°C by --315 Ma and <225°C by 300-
280 Ma (van Breeman and Dallmeyer, 1984; Naeser et al., 2001). 
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Introduction 
CHAPTER 6: DEFORMATION AND KINEMATICS 
OF INNER PIEDMONT OROGENESIS 
Multiple episodes of faulting and folding complicate the deformation history of 
the IP. The IP is composed of W-to SW-vergent stacks of crystalline thrust sheets that 
formed by shearing out the common limb of a plastic antiform / synform pair (Griffin, 
1969 ; 1971 ; 1974; Hatcher, 1969 ; Hatcher and Hooper, 1992). In the northern IP, 
major thrusts include the west-bounding BFZ and Paris Mountain-BCF to the east, as 
well as six other identified thrusts from northwest to southeast; the Marion thrust sheet, 
Tumblebug-Stumphouse Mountain thrust sheet, Walhalla nappe, Sugarloaf Mountain 
and Six-Mile-Seneca thrust sheet, Mill Spring thrust sheet, and Anderson thrust sheet 
(see Fig. 1-3) (Hatcher, 2002; Merschat et al ., 2005). This faulting is part of a six-
stage deformation scheme that includes at least five major fold events and two periods 
of brittle extension recognized throughout the IP and EBR (Hatcher and Butler, 1979 ; 
Davis, 1993, Yanagihara, 1994; Bream, 1999 ; Giorgis, 1999 ; Hill, 1999 ; Williams, 2000; 
Bier, 2001; Kalbas, 2003; Merschat, 2003; Gatewood, 2006). This sequence of events 
was established based on meso- and macroscale structures throughout extensive areas 
of detailed mapping and confirmed by detailed, large-scale outcrop mapping of EBR 
Tugaloo terrane rocks at Woodall Shoals, SC-GA (Hopson et al., 1989 ; Hatcher et al., 
1995). The timing of these events is constrained using granitoid crystallization ages, 
U/Pb monazite and zircon ages, and crosscutting meso- and macroscale relationships. 
The following sections summarize structural details of the Gilreath quadrangle (Fig. 6-
1 and Plate 1) in chronological order of deformation events (D1-D6). These events are 
summarized in Table 6-1. 
D 1 Deformation 
Evidence of D 1 is obscure due to transposition by penetrative D2 deformation. 
D1 is most commonly preserved as small rootless, isoclinal, recumbent, intrafolial folds 141 
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Figure 6- 1 .  Simplified geologic map of the Gilreath 7.5-minute quadrangle illustrating 
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Uplift Cenozoic uplift 
or truncated folds within boudins and was observed by Hopson and Hatcher ( 1988) as 
a S1 foliation defined by compositional banding that is axial planar to F1 folds (Hatcher 
and Butler, 1979; Hopson and Hatcher, 1988; Davis, 1993). Davis ( 1993) concluded D 1 
occurred prior to the main phase of Neoacadian recrystallization. Due to its obscurity, 
evidence of D 1 was not observed in the Gilreath quadrangle. 
D2 Deformation 
D2 occurred during the Neoacadian pulse and produced penetrative fabrics 





asymmetric folds, sheath folds, and Type-F thrust faults [Hatcher and Butler, 1979 ; 
Hatcher and Acker, 1984; Hopson and Hatcher, 1988; Davis, 1993; Yanagihara, 1994; 
Bream, 1999; Merschat et al., 2005; Hatcher and Merschat, (in press)]. D2 represents 
a multistage, progressive deformation event, which follows a fold-thrust-fold-thrust 
sequence based on truncated footwall structures and transposed D2a faults, which are in 
tum truncated by D2b faults (Davis, 1993; Bream, 1999; Hill, 1999). Although two stages 
of D2 deformation were not observed in the field, map-scale evidence exists in tight-to­
isoclinal F2b folding of the BCF, which truncates map-scale F 2a sheath folds (see below). 
The timing of D2 is constrained by the absence of granites as young as -366 Ma in the 
WIP (Mapes, 2002; Merschat et al., 2005) and emplacement of the BCF at -342 Ma, 
indicated by U-Pb zircon age for intense migmatization of footwall rocks near Lenoir, NC 
(Bream, 2003 ). U-Pb monazite and zircon metamorphic ages of 360--350 Ma indicates 
Neoacadian peak metamorphism and peak deformation were coeval. 
Foliation 
S2 foliations consist of planar alignment of quartz, feldspar, micas, sillimanite, and 
hornblende. S
2 
foliations parallel to compositional and migmatitic layering, L
2 
mineral 
lineations, F2 fold axial surfaces, and lithologic contacts indicate extensive transposition 
has occurred in the IP. Davis (1993) concluded S2 developed as a C-surface based on the 
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extreme planar nature of S2 and its alignment with C-surfaces in Type II S-C mylonites 
(Lister and Snoke, 1984), which occur as schistose rocks with an oblique foliation defined 
by mica-fish. 
A form-line map of the northeastern Brushy Mountains shows at least five distinct 
domains identified by the change in S2 orientations (Fig. 6-2). Equal-area fabric diagrams 
were constructed using -3,400 foliations measured in the Moravian Falls and Gilreath 
quadrangle (Fig. 6-3 and Plate 2). Domain I consist of S2 foliations parallel to the NE­
SW strike of the orogen and dip moderately to the southeast (mean S2 is 055/45SE). 
Domain II is defined by NS rotation of NE-SW-striking foliations of Domain I by later, 
NW-trending F 4-s folds (see below). Domains III, IV, and V correspond to areas where 
the foliations become increasingly more E-W oriented, with shallowly plunging f3-axis 
trends changing from 75° to 82° to 277°, respectively. 
Folds 
The S2 foliation is coeval with and axial planar to inclined to recumbent, tight­
to-isoclinal, passive and flexural flow F2 folds (Fig. 6-4). In addition to these tight­
to-isoclinal asymmetric folds, mesoscale sheath folds were identified based on their 
characteristic eye or anvil shape (Fig. 6-4). Axial trends of asymmetric F2 folds and 
sheath folds are parallel. Tight-to-isoclinal fold (F2 and F3) and sheath fold hinges change 
in mean vector orientations from 061 and 076 in Domains I and III to 088 and 083 in 
Domains IV and V, respectively (Fig. 6-5). Tight-to-isoclinal folds predominantly verge 
NW in Domain I, and N-NW and S-SE in Domains III, IV and V (Fig. 6-6). Opposing 
fold vergence is due to overturned limbs of SW-directed map-scale sheath folds and/or 
refolding. 
Lineations 
Subhorizontal L2 mineral lineations in granitic rocks are defined by quartz, 
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Figure 6-3. Scatter plots and lower hemisphere, equal-area contoured diagrams of poles to -3,400 foliations measured in the 
Moravian Falls and Gilreath quadrangles. The orientation of mean S
2 
( dashed line) and beta axes are noted below each set of 
diagrams. S
2 
changes from strongly NE-SW aligned in Domain I to more EW oriented in Domains II thru V. Domain V was 




Figure 6-4. Tight-to-isoclinal asymmetric and sheath F2 folds. (a) Recumbent isoclinal 
folds of quartzofeldspathic laminae and sillimanite schist near the intersection of Brushy 
Mountain Road and Sulphur Springs Road. (b) SW-vergent, eye-shaped sheath fold in 
mylonitic Walker Top Granite of the northwest limb of the Poplar Springs sheath fold in 
the 1 15 Vulcan Materials Quarry. Sheath fold is exposed on two surf aces, an inclined 
(left) and near vertical surface (right). Sheath fold axis, 22° , N 54° E, is parallel to the L2, 
and within S2• Pocket knife is 7 .4 cm long. Photo by Arthur J. Merschat. 
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and sheath F2 fold hin 
Figure 6-5. Scatter plots and lower hemisphere, equal-area contoured diagrams of tight-to-isoclinal fold (F2 and F3) hinges 
measured in the Moravian Falls and Gilreath quadrangles. Mean vector orientations are noted below each set of diagrams. 
Moravian Falls data courtesy of M. P. Gatewood (Gatewood, 2006). 
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Figure 6-6. Scatter plots and lower hemisphere, equal-area contoured diagrams of poles to tight-to-isoclinal fold (F2 and F3) axial 
surfaces measured in the Moravian Falls and Gilreath quadrangles. The orientation of mean axial surfaces (dashed lines) and beta 
axes are noted below each set of diagrams. Moravian Falls data courtesy of M. P. Gatewood (Gatewood, 2006). 
sillimanite and hornblende. Lineations defined by the latter two minerals indicate D2 
deformation occurred just prior to or coeval with upper amphibolite grade metamorphism. 
L2 mineral lineations occur within the plane of foliation and parallel E-W to NE-SW 
trends of asymmetric fold hinges, sheath fold hinges, S-C fabrics, rotated porphyroclasts, 
and asymmetric boudins (Fig. 6-7). Previous workers have interpreted the preferred 
mineral orientation of L2 as a mineral stretching lineation based on their alignment with 
these shear-sense indicators [Davis et al., 1991;  Davis, 1993; Merschat et al., 2005; 
Hatcher and Merschat, (in press)]. 
Faults 
The BCF passes through the northwestemmost comer of the Gilreath quadrangle 
before being refold by F5 folds (see below), exposing the Ordovician Brooks Crossroads 
Granite in a reentrant. Although S2 is continuous across the fault indicating continued 
deformation and transposition following juxtaposition, field evidence supporting a fault 
contact include: (1) mylonitic fabric development evident by well-formed quartz ribbons, 
in addition to stronger foliation of the Brooks Crossroads Granite proximal to contacts 
with surrounding rocks, and (2) increased shear fabrics in hanging wall rocks in contact 
with the Brooks Crossroads Granite. Shear-sense indicators including S-C fabrics, 
rotated porphyroclasts, boudins, and sheath fold axes indicate transport to the W-SW 
throughout SE and central portions of the Gilreath quadrangle, to strongly SW-aligned 
near the BCF. Despite the fact the main trace of the BCF dips -35°SE, no shear-sense 
indicators suggesting NW-directed, dip-slip movement were observed. Based on these 
data, the BCF is a SW-directed thrust. 
D3 Deformation 
Post-metamorphic peak D3 structures most commonly occur as inclined to upright, 
tight-to-intermediate folds with interlimb angles ranging from 20-70°. Inclined, tight F3 
folds can be distinguished from F2 folds with similar geometry and orientations, in that F3 
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Figure 6-7. Scatter plots and lower hemisphere, equal-area contoured diagrams of L2 mineral stretching lineations measured in 
the Moravian Falls and Gilreath quadrangles. Mean vector orientations are noted below each set of diagrams. Moravian Falls 
data courtesy of M. P. Gatewood (Gatewood, 2006). 
folds fold the S2 foliation, locally develop axial planar S3 foliations, and better maintain 
constant limb and hinge thicknesses (Fig. 6-8). Type 3 (hook) interlerence patterns occur 
in Domain I, where NE-SW trending, inclined to upright F3 folds are superposed on NE­
SW trending, inclined-to-recumbent F2 folds. Type 2 (boomerang) interlerence folds 
occur in Domains III, IV, and V where NE-SW striking F3 axial surlaces occur at high 
angle to E-W striking F2 axial surfaces (Fig. 6-8). Boomerang folds may be distinguished 
from eye-shaped sheath folds by the presence of two lineations that each develop parallel 
to different trending fold hinges, whereas sheath folds produce one set of stretching 
lineations parallel to the sheath axis. Lineations produced by intersection of F2 and F3 
axial surlaces were not observed in the Gilreath quadrangle, although they have been 
noted in other areas of the IP (e.g., Yanagihara, 1993; 1994). Although previous workers 
have suggested D2 and D3 may form a continuum (Kalbas, 2002; Merschat, 2004; 
Merschat et al., 2005), they are clearly separate events evident in different structural 
styles and orientations. 
D 4 and D 5 Deformation 
Open folds can be divided into two groups based on interlimb angle and 
orientation. One set is defined as folds with interlimb angles of 50-110° and axial 
surfaces striking NE-SW, and the other set with broader interlimb angles of 130-180° 
and axial surfaces that strike NE-SW and NW-SE (Figs. 6-9 and 6-10). Although 
previous workers have reconciled these two types of open folds as F4 folds (Davis, . 1993, 
Yanagihara, 1994; Bream, 1999;  2003; Giorgis, 1999; Hill, 1999 ; Williams, 2000; Bier, 
2001; Kalbas, 2003; Merschat, 2003), they probably represent two separate folding 
events. NW-trending, broader open folds (F .J may be coeval with joint formation and 
form due to episodic deformation (Whitten, 1966; Bream, 2003). Both open fold types 
occur as upright folds that overprint earlier F1-F3 folds to produce hook folds and dome­




Figure 6-8. F3 and F2 folds in the Gilreath quadrangle. (a) Tight F3 fold in Walker Top 
Granite and granitoid dike northwest of Smith Grove Church with constant hinge and 
limb thickness. (b) Type 2 (boomerang) interference pattern produced by superposed 
folding of F3 fold with NW-striking axial surface atop F2 fold with E-W striking axial 
surface. Outcrop located off Cherry Grove Lane in the northeast part of the Gilreath 
quadrangle in Domain III. Photo by Robert D. Hatcher, Jr. (c) Outline of folds in (b). 
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Figure 6-9. Open fold fabric diagrams. Open folds can be divided into folds with 
intermediate interlimb angles of 40-100° (left column) and folds with broader, open 
interlimb angles of 100-180° (right column). (a) Scatter plots of open fold hinges. (b) 
Lower hemisphere, equal-area contoured diagrams of open fold hinges shown in (a). 
Mean vector orientations are noted below each diagram. ( c) Scatter plots of poles to open 
fold axial surfaces. Beta axis orientations are noted below each diagram. 
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Figure 6-10. Open fold geometries and orientations in the Gilreath quadrangle. (a) An 
open F4 fold with intermediate limb angle of 90
° folds and earlier F3 fold to produce a 
Type 3 (hook) intetf erence geometry. Photo taken northwest of Smith Grove Church. 
(b) Outline of folds in (a). (c) NW-trending, broad open fold. Note the top-to-the-
SW sinistral shear-sense of the pegmatite boudin. Photo taken in abandoned quarry 
on Liberty Church Road. (d) Open F4 folding of weakly foliated dike associated with 
Mississippian Granite that truncates mylonitic S2 foliation of Walker Top Granite. Photo 
taken at cliffside outcrop west of Bethany Church Road referred to as "Heaven" by 






Late Mississippian granitoids [-322 Ma, U-Pb SHRIMP, Gatewood, (2006)] 
and associated dikes folded by open D 4 folds (Fig. 6-10) indicate early stages ·of this 
deformation event occurred above minimum melt conditions and coincides with or 
immediately follows peak Alleghanian metamorphism at 330-320 Ma responsible for 
resetting monazite and zircon metamorphic ages (Dennis and Wright, 1997;  Bream, 
2003). Ductile reactivation of the BFZ and central Piedmont suture at greenschist 
facies (Reed and Bryant, 1964; Hopson and Hatcher, 1988 ;  Gates, 1997; Hatcher, 2001) 
probably coincides with waning stages of Alleghanian (-300 Ma) collision of Laurentia 
and Gondwana, resulting in the final emplacement of the composite Blue Ridge-IP 
megathrust sheet (Merschat et al., 2005). 
D 5 and D, Brittle Deformation 
Brittle structures observed in the Gilreath quadrangle include unfilled joint sets. 
The dominant set strikes NW at 326° . A significant number of perpendicular NE-trending 
joints may be conjugate to the dominant joint set (Fig. 6-11 ). Additional minor sets 
trend -10°NE, -275°NW, and -310°NW. In addition to unfilled joint sets, other sets 
filled with high to low temperature, deformed to undeformed quartz-feldspar pegmatite, 
quartz-epidote-calcite, chlorite-quartz, and zeolite-prehnite-calcite indicate brittle fracture 
formation occurred over a range of thermal conditions from the time the IP was subjected 
to decompression melting to late Paleozoic to Mesozoic and Cenozoic fracture formation 
(Merschat, 2003; Merschat et al., 2005). Steeply dipping, E-W trending normal faults 
and NW-trending diabase dikes that occur in the topographic low southwest of the Brushy 
Mountains and along the NC-SC border are attributed to Mesozoic extension and break­
up of Pangaea (Garihan et al., 1990, 1993; Merschat et al., 2005). 
Brushy Mountain Map Patterns and Gilreath Quadrangle Cross Sections 
Despite complexities due to multistage progressive deformation and overprinting 
relationships, important macroscale information supporting the sequence and nature of IP 
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Figure 6-11. Rose diagram of strikes of 937 joints in the Moravian Falls and Gilreath 
quadrangle. The circle diameter represents 8 .0% of the population. Moravian Falls data 
courtesy of M. P. Gatewood (Gatewood, 2006). 
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deformation can be resolved based on a compiled geologic map of the Brushy Mountains 
(Fig. 6-12 and Plate 3) and new cross sections through the Gilreath quadrangle (Fig. 6-
13 and Plate 1). Truncation of the Poplar Springs and Big Warrior sheath folds, outlined 
by the Walker Top Granite, against the BCF indicates SW-transport of IP rocks occurred 
. . 
before Neoacadian (366-342 Ma) emplacement of the BCF (Fig. 6-12). In addition to 
these NE-plunging, flattened and elongated sheath folds that occur in the zone of strong 
NE-SW alignment proximal to the BCF, sheath folds cored by Devonian granitoids also 
occur to the SE and have a curved, noncyclindrical geometry (Fig. 6-12). These sheath 
folds, named the Ellendale and Gilreath sheath folds, exhibit opposite verging fold 
patterns on opposing limbs and mineral lineation orientations consistent with W- to SW­
deflection of IP rocks. Following emplacement of the BCF, the fault is folded by inclined 
to upright, tight-to-isoclinal F 2b and F3 folds, in addition to open F 4-s folds (Figs. 6-12 and 
6-13). Broad, open F5 folds produce late-stage doming of the Brooks Crossroads Granite 
beneath rocks of the Brindle Creek thrust sheet (Fig. 6-13). This doming is responsible 
for folding the BCF as a reentrant at the present level of erosion. 
Inner Piedmont Regional Map Patterns and Kinematics 
The change in orientation of D2 structures observed in the northeastern Brushy 
Mountains mimics regio�al IP map patterns, which show a broader zone of W-directed 
structures to the southwest that form the central portion of an arcuate pattern curving 
from NW-SE near the central Piedmont suture, to strongly NE-SW aligned approaching 
the BFZ (Fig. 6-14) [Goldsmith, 1981 ; Davis, 1993; Hatcher, 2002; Merschat et al. , 2005; 
Hatcher and Merschat, (in press)]. Numerous shear-sense indicators such as S-C fabrics, 
rotated porphyroclasts, asymmetric folds and boudins, and mesoscale sheath folds 
indicate the Neoacadian was characterized by extensive, heterogeneous simple shear 
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Figure 6- 1 3. Cross sections through the Gilreath quadrangle. See Fig. 6- 1 for explanation of map units. 
Figure 6-14. S2 foliation and L2 lineations of the IP. (a) Form-line map of S2 foliation 
in the northern IP. Form lines are parallel to strike; teeth on form lines indicate dip 
direction. Density of form lines reflects density of data coverage. (b) Histogram of 4,587 
dip measurements of dominant foliation in the northern IP. (c) Distribution of measured 
lineations (filtered to create cartographic spacing) illustrating the curved NW- to W- to 
SW-trend of northern IP structures. Arrowhead indicates direction of plunge; arrowhead 
on both ends of line indicates horizontal lineation. Line on each measurement indicates 
trend. (d) Histogram of 764 mostly mineral elongation lineations in the northern IP. Note 
the dominance of gentle plunges. From Hatcher (2001) and Hatcher and Merschat (in 
press); see for sources therein. 
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Kinematic vorticity (Wk) is a measure of the degree of noncoaxial deformation 
in high-strain zones such as the IP and ranges from zero for pure shear to one for simple 
shear. Assuming plain strain, steady-state deformation, and one direction of parallel 
flow, Wk can be estimated based on the angular relationship a between two eigenvectors 
(Bobyarchick, 1986): 
wk = cos a (6- 1 )  
Eigenvectors include shear zone boundaries, axes of rotated porphyroblasts, deformed 
veins or dikes, crystallographic fabrics, and S-C-C' fabrics (Simpson and DePaor, 1993 ;  
Tikoff and Fossen, 1995). Conceding the fact that steady state deformation rarely exists 
in nature and that the likelihood that plane strain may not have existed in the IP, Merschat 
(2003) and Merschat et al . ,  (2005) attempted to calculate kinematic vorticity of the IP 
using a sample of Henderson Gneiss to measure angles between C and C' surfaces and 
an S2 foliation that parallels the Neoacadian BFZ. Based on these data and observations 
. of analogous structures and fabrics throughout the IP, they concluded that kinematic 
vorticity remains in the realm of sub-simple shear across much of the IP, but approaches 
ideal simple shear in the Neoacadian BFZ. Estimates of 120-486% SW-directed axial 
elongations of map-scale sheath folds cored by the Henderson Gneiss and outlined 
by Devonian granitoids quantify the magnitude of bulk st_rain preserved in IP rocks 
(Merschat et al . ,  2005). 
Deformation Synthesis and Tectonic Models 
Tectonic models of the IP have varied from stockwork tectonics and tectonic 
slides (Griffin, 197 1 ;  1974), to regional scale fold nappes (Hatcher, 1972; Griffin, 1974), 
to oblique convergence (Davis, 1993;  Hill, 1999), to tectonic-driven channel flow 
[Merschat et al. , 2005; Hatcher and Merschat, (in press)]. 
Although Griffin ( 197 1 ;  197 4) recognized the nappe geometry of thrust sheets 
in the IP, his application of the stockwork model and tectonic slide were incorrect. This 
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model invoked formation of recumbent NW-vergent fold-thrust nappes via autochthonous 
tectonic slide emplacement of unmetamorphosed suprastructure rocks of the Charlotte 
and Carolina slate belt, over ductile, high-grade infrastructure rocks of the IP (i .e. ,  
Six Mile thrust sheet and Walhalla nappe). Griffin ( 197 1 ;  1974) considered "older 
portions" of BFZ and Chauga belt were down-pulled sections of the detachment zone 
(Abscherungszone) that was sheared free from the infrastructure and suprastructure 
during deformation (Haller, 1956; 197 1 ). (Fig. 6- 15). The stockwork model breaks 
down, however, because it does not incorporate SW-directed displacements in the IP. 
More recent models originated in attempt to explain the arcuate trend of IP 
structures from NW-SE along the eastern flank, to E-W throughout the interior of 
the IP, to strongly NE-SW aligned along the western flank defined by the BFZ. Hill 
( 1999) proposed structural patterns of the IP could be explained using a two-phase 
deformation model of Ellis and Watkinson ( 1987), which states that first phase orogen­
parallel deformation in the footwall reflects relative plate motions, whereas second 
phase deformation develops in the hanging wall during the imbrication process due to 
isostatically driven emergence normal to the orogen. According to Hill ( 1999), mineral 
stretching lineations and sheath fold axes indicative of intense orogen parallel extension 
formed by initial SE-directed oblique collision of IP blocks. Subsequent clockwise 
rotation and foreland-directed imbrication of IP thrust sheets produced west-directed 
Type-F thrusts that evolve into north- to northwest-directed thrusts as rotation continued. 
Disharmonic map patterns in central portions of the IP reflect progressively disharmonic 
deformation of the hanging wall during second phase thrust stacking (Fig. 6- 16). Based 
on the current know ledge of IP tectonics, there are at least three problems with this 
model: ( 1 )  Strongly aligned, orogen-parallel structures are not limited to the footwalls 
of lowermost IP thrusts; NE-SW trending mineral stretching lineations, asymmetric fold 
hinges and sheath fold axes occur in the hanging wall of the Brindle Creek thrust sheet in 
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Figure 6- 15. Schematic cross section of IP nappe complex in northwest South Carolina based on stockwork tectonics model 








Figure 6-16. Structures produced by a two-stage oblique collision model after Ellis 
and Watkinson (1987). (a) Schematic diagram showing possible plate interaction. (b) 
Development of cylindrical, isoclinal folds, sheath folds, and stretching lineations 
parallel to sub-parallel to the orogen due to high, non-coaxial strain in the footwall. (c) 
Development of orogen normal cylindrical, isoclinal folds, sheath folds, and stretching 
lineations in the hanging wall due to isostatic emergence of the crust. ( d) Disharmonic 
structures developed later in the higher section of the hanging wall as imbrication 
continues. From Hill ( 1999). 
168 
the Brushy Mountains where the change from N- and NW- to SW-directed trends is more 
abrupt. (2) This model would produce a clockwise rotation of early-formed footwall 
structures as they were later incorporated in the hanging wall of imbricated thrusts. 
This contradicts the counterclockwise, SW-directed trend of IP structures. (3) Similar 
metamorphic conditions across the IP and consistent and progressive change in lineation 
orientation and kinematic indicators do not support two separate stages for formation of 
mineral stretching lineations. 
Based on work in the Columbus Promontory, Davis (1993) explained variations 
in IP structural orientations using a thrust-wrench tectonic model. He attributed 
deformation partitioning into orogen-oblique and orogen-parallel structures to flow 
perturbations within the mylonitic S2 foliation. These perturbations formed in a crustal­
scale shear zone caused by oblique collision of E-W-directed IP thrusts with SW-directed 
displacement in the primordial BFZ (Fig. 6-17). Although Davis et al., 1991 was the first 
to recognize the influence of a Neoacadian BFZ and SW-directed flow of IP thrusts, this 
model could not account for the magnitude of IP structures [Hatcher and Merschat, (in 
press)] and it lacked a driving force for IP displacements. 
Building on Davis' idea of crustal flow, Merschat et al. (2005) and Hatcher and 
Merschat (in press) emphasized the magnitude of W- to SW-directed shearing, meso­
and macroscale sheath folds, a long thermal history, ubiquitous migmatization and in 
situ pluton formation, which suggest IP thrust sheets may have contained enough water 
to deform as a viscous mass that approaches behavior more appropriately modeled as 
channel flow. They proposed the arcuate pattern of subhorizontal L2 mineral stretching 
lineations track the flow paths of SW-directed imbricate thrusts in a orogenic channel 
parallel to the BFZ. Hatcher and Merschat (2006) suggested this scenario compares 
favorably with 2D flow model HT-HET of Beaumont et al. (2004), which shows a 
series of Type-F imbricates when initial anisotropies are introduced (Fig. 6-18). SW-
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Chauga Belt Inner Piedmont 
Blue Ridge 
Figure 6-17. Schematic diagram of !P W-directed thrusts (orogen-oblique) and SW­
directed thrusts ( orogen parallel) of the Chauga belt and Brevard fault zone. From Davis 
( 1993). 
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Figure 6-18. Comparison of (a) IP cross section and (b) channel flow model HT-HET of 
Beaumont et al. (2004, their Fig. 14). (a) Deep-seated structures of the IP extrapolated 
from surface geologic maps in Goldsmith et al. (1988) and Bier et al. (2002). Colors 
in (a): Red-Lower Tallulah Falls-Ashe Formation metagraywacke, amphibolite, and 
pelitic schist. Pink-Upper Tallulah Falls-Ashe Formation metagraywacke and pelitic 
schist. Yellow-Aluminous schist marker that separates upper from lower Tallulah 
Falls-Ashe Formation units. Purple-Ordovician plutons. Green and yellow (adjacent)­
Poor Mountain Formation Amphibolite (green) and quartzite (yellow). Orange­
Metagraywacke in Brindle Creek Thrust sheet. Brown-Sillimanite schist in Brindle 
Creek thrust sheet. Dark blue-Devonian and Mississippian plutons in Cat Square terrane 
and Carolina superterrane. Blue-Green-Possible ocean crust in Brindle Creek thrust 
sheet. Cross-section location is shown in Figure 1. Colors in (b) represent materials of 
higher (blue, yellow) and lower viscosity (pink, red). A-away. T-toward. From Hatcher 
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directed channel flow of IP imbricate thrusts requires oblique W- to NW-subduction of 
the IP beneath the Carolina superterrane that was initially confined to the northeast and 
less so to the southwest, producing an unconfined wedge-shaped zone for escape of IP 
material. A primordial Neoacadian BFZ served as the lower boundary of the channel 
and accommodated at least 200 km of estimated 400+ km SW-directed displacements 
along IP faults (Merschat et al., 2005). Although this model invokes orogenic channel 
flow of mid-crustal material analogous to the Tertiary-Holocene channel hypothesized in 
the Himalayan orogen, IP flow is curved and driven by oblique collision and burial, as 
opposed to dip-slip, gravity-driven flow beneath the South Tibetan Detachment [Hatcher 
and Merschat, (in press)]. 
Data collected in the Gilreath quadrangle and six person-years of detailed 
geologic mapping in the Brushy Mountains supports the conclusions of Merschat et al. 
(2005) and Hatcher and Merschat (in press) of SW-directed transport of IP material. 
Although some workers (Griffin, 1971 ; 1974; Davis et al. ,  1991 ;  Hill, 1999;  Gatewood, 
2006) suggested some component of NW-directed, Neoacadian transport of IP thrust 
sheets, no mesoscopic shear-sense data gathered in the Brushy Mountains corroborate 
these claims. Despite consistent NW-vergence of macro- and mesoscopic, D2 and 
D3 tight-to-isoclinal folds in the immediate hanging wall of the BCF, D2 shear-sense 
indicators confirm significant SW transport. The strong NW-vergence of tight-to­
isoclinal asymmetric folds near the BCF is related to parasitic F2 folding of overturned 
SE-dipping limbs of the Poplar Springs and Big Warrior sheath folds in a transpressive 
regime (see Fig. 6-13 ; cross section A-A'), in addition to overprinting by tight, NW­
vergent F3 folds. Parallel alignment of subhorizontal L2 mineral stretching lineations, 
shear-sense indicators, and asymmetric fold hinges with curved, W- to SW-directed 
macroscale fold axes in the southern portion of the Gilreath quadrangle document large­
scale sheath folding beyond the extent of NE-SW aligned, extreme simple shear rooted in 
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the BFZ. Pervasive migmatization parallel to foliation, formation of large-scale anatectic 
melts ranging from -406 Ma to -366 Ma in age, and sillimanite I and sillimanite II 
mineral assemblages indicate long-lived hydrous, high-temperature conditions within the 
Brindle Creek thrust sheet. These observations support speculation by Merschat et al. 
(2005) and Hatcher and Merschat (in press) that IP thrust sheets deformed as a viscous 
mass in a SW-directed flow regime. 
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CHAPTER 7: CONCLUSIONS 
1 .  Three of four geochemical analyses of Brooks Crossroads Granite show low high­
field strength element concentrations and flatter rare earth element (REE) patterns 
typical of WIP granitoids, which supports its occurrence as a footwall pluton beneath 
the BCE Strong enrichment in light-rare earth elements and strong depletion in heavy­
rare earth elements for sample OBC2 supports an early stage of melt production derived 
from limited partial melting of a garnet-bearing source. Hatter REE signatures typical 
of Vinson's ( 1999) sample and samples OBC 1 and OBC3 of this study, are likely the 
product of higher degrees of partial melting that incorporated garnet residues. The range 
in Uffh from 0.04 to 1 .32 is probably the product of varying proportions of Th-bearing 
accessory minerals such as monazite and/or allanite, or may reflect local contamination of 
the granite resulting from assimilation of xenoliths. 
2. The Rocky Face pluton is likely equivalent to the Devonian (-378 Ma) Toluca Granite 
based on petrographic similarities and low Nb/Y, Uffh and Ti02 concentrations unique to 
each granitoid. 
3. Local Devonian-Mississippian granitoids are probably derived by anatexis of local 
metasedimentary rocks, analogous to formation of other EIP granitoids. 
4. Based on preliminary data, the Cat Square terrane may have originated in a back-arc 
basin during waning stages of east-dipping, Late Silurian volcanic arc magmatism in the 
WIP. REE plots and tectonic discrimination diagrams indicate back-arc basin magmatism 
was influenced by mixing between slab-derived fluids and the depleted mantle wedge, in 
addition to melts contributions from an E-type MORB source. 
5. Association with intermediate-to-felsic granitoids, strong depletions in Ta-Nb, and 
calc-alkaline and tholeiitic basalt signatures strongly support a volcanic arc origin for 
WIP PMA. 
6. Geothermobarometry of garnet-bearing metagraywacke from the Brindle Creek thrust 
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sheet yields possible peak P-T estimates in the kyanite zone (7.0-8.7 kbars and 630-
6950C) or sillimanite zone ( 4.8-5.9 kbars and 630-695°C). IP material cooled through 
retrograde conditions of 4.7-5.7 kbars and 535-600°C as thrust sheets were tectonically 
forced to the southwest and extruded from the open end of an orogen-parallel channel. 
7. Detailed geologic mapping in the Gilreath 7 .5-minute quadrangle shows the BCF is 
folded as a reentrant, exposing the Ordovician Brooks Crossroads Granite in the footwall. 
The contact between EIP para- and orthogneisses and the Brooks Crossroads Granite is 
recognized as a fault based on mylonitic fabrics and increasing strain gradients associated 
with the contact. Despite the fact the main trace of the BCF dips --35°SE, no shear-sense 
indicators suggesting NW-directed, dip-slip movement were observed. Based on these 
data, the BCF is a SW-directed fault. 
8. The Poplar Springs and Big Warrior map-scale sheath folds outlined by the --406 Ma 
Walker Top Granite truncate against the BCF, indicating SW-directed transport of IP 
material occurred prior to emplacement of the Cat Square terrane. 
9. Map-scale sheath folds are recognized in the southern portion of the Gilreath 
quadrangle based on W- to SW-curving map-patterns analogous to that of the Ellendale 
sheath fold to the southwest mapped by Merschat (2003). This interpretation is supported 
by parallel alignment of � mineral stretching lineations, map-scale fold axes, and 
parasitic asymmetric fold hinges. 
8 .  A change in structural trends in the northeastern Brushy Mountains from E-W in 
southeastern and central portions of the quadrangle, to NE-SW proximal to the main­
trace of the BCF, in conjunction with ubiquitous top-to-the SW shear-sense indicators, 
protomylonitic to ultramylonitic deformation fabrics, map-scale sheath folds, pervasive 
migmatization, and upper amphibolite facies metamorphism, support tectonically driven, 
SW-directed channel flow of IP thrust sheets resulting from oblique subduction beneath 
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Gamet anal�ses of sam�le GlA68 - Hl>-bi reiss 
Site Analyzed Garnet I Gamet I Gamet I Gamet I Garnet 2 Gamet 2 Garnet 2 Gamet 2 Gamet 2 Gamet 2 
GI_Coie_ G2.lefle0 02.rigbt.oor 
Position 01 . lrim Avg G l . 1 2rim G l . 13rim 02.lrim G2.2rim G2.3rim re G2.8nearplg 
I of Analyses I 9 I I I I I 4 I 8 
SiO, 38.0 37.6 (3) 37.3 35.8 38.4 37.0 37.5 37.2 (2) 36.7 37.3 (4) 
TiO, n.d. 0.o7 (3) n.d. 0.03 n.d. 0.03 n.d. 0.04 (2) n.d. 0.06 (2) 
AIP, 20.9 20.8 (() 20.9 21 .0 20.6 20.9 20.9 20.8 (()  21.2 20.9 (I )  
Crp, n.d. n.d. o.m n.d. n.a. n.a. n.a. n.a. n.a. n.a. 
YP, n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
MgO 2.56 2.89 ( I I )  2.65 2.14 2.24 2.50 2.35 3.04 (6) 2.62 2.'17 (13) 
CaO 8.00 6.21 (18) 6.95 8.45 8.m 7.78 7.88 5.96 (10) 7.58 6.01 (28) 
MnO 4.34 4.34 (10) 4.24 4.54 4.28 4.28 4.30 3.75 (27) 4.04 3.93 (18) 
FeO 27.0 28.4 (16) 28.2 27.1 27.1 27.5 27.8 29.3 (0) 27.7 29.1 (2) 
Nap n.d. n.d. n.d. n.d. n.d. n.d. 11.d. n.d. n.d. 11.d. 
Total 100.8 100.4 100.3 99.0 100.6 100.0 100.8 100.2 99.8 100.2 0.0 
Cations based on 12 oxygens 
Si 3.008 2.999 2.981 2.914 3.045 2.969 2.985 2.m 2.947 2.982 
Ti 0.004 0.002 0.002 0.003 0.004 
Al 1 .948 l.955 1 .969 2.010 1 .920 1 .972 1 .960 1.963 2.003 1 .965 
Cr 0.00( 0.002 
y 
Mg 0.302 0.344 0.316 o.u,o 0.264 0.299 0.279 0.363 0.313 0.354 
Ca 0.678 0530 0.594 0.737 0.681 0.668 0.672 0.5 1 1  0.652 0.515 
Mn 0.291 0.293 0.287 0.313 0.287 0.290 0.290 0.255 0.274 0.267 
Fe 1.788 1.892 1.882 1 .843 1.794 1.843 1.848 1 .964 1 .860 1 .946 
Na 
Total 8.015 8.017 8.031 8.079 7.991 8.043 8.034 8.037 8.049 8.032 
Fe/(Fe+Mg) 0.856 0.846 0.856 0.876 0.872 0.860 0.869 0.844 0.856 0.846 
X Almaodine 0.585 0.619 0.6 1 1  0.585 0.593 0.595 0.598 0.635 0.600 0.631 
X Pyrope  0.099 0. 1 1 2  O. lffi 0.c.12 0.00 O.Oll6 0.090 0.187 0.234 0.189 
X Spes.sertine 0.095 O.Oll6 0.093 0.099 0.095 0.094 0.094 0.720 0.668 0.713 
X Grossular 0.222 0 173 0. 193 0.234 0.225 0.215 0.218 0.093 0.098 0.098 
UnilS in O represent one Slalldard deviation cl replicale analysis in tenns cl least units cited. 
n.d. = not detected; less than 0.03% 
n.a. = not analyzed 
Garnet analyses of sample GI..Mi8 - Hb-bi gneiss (Continued). 
Site Analyzed Garnet 2 Gamet 2 Garnet 2 Garnet 2 Garnet 2 Gamet 3 Gamet 3 Gamet 3 Garnet 3 Garnet 3 
G3_Core_ 
Position G2.17rim G2.18rim G2.19rim G2.20rim G2.21rim G3. lrim G3.2rim Avg G3.9rim G3.12rim 
# of Analyses I I I I I I I 4 I I 
s,62 36.9 31.s 37.3 36.9 31.0 36.3 36.4 31. 1 <3> 37.8 37.4 
TiO 2 0.03 0.05 n.d. n.d. 0.05 n.d. 0.03 0.07 (6) 0.03 n.d. 
Al 203 21.0 20.8 20.7 20.4 20.9 21 . 1  21 . 1  21 .0 (2) 21 .0 21 .0 
Cr 203 n.a. n.a. n.a. n.a. n.a. n.d. 0.03 n.d. n.d. n.d. 
Y 203 n.d. n.d. n.d. n.d. n.d. 0.03 n.d. n.d. 0.07 n.d. 
MgO 3.10 3.00 2.92 2.81 1 .85 2.55 2.75 2.74 (8) 2.69 2.30 
CaO 5.91 5.93 6. 16 6. 12 8.62 7.27 7.28 6.55 (10) 7.29 8.58 
MnO 3.95 4.14 4.23 4.22 4.77 4.39 4.28 4.3 1 (22) 4.04 4.<IJ 
FeO 28.9 29.2 29.1 28.8 26.6 27.7 27.9 28.5 (12) 27.7 27.0 
Na2') n.d n.d n.d. n.d n.d 0.03 n.d n.d. o.m n.d 
Total 99.8 100.6 100.5 99.2 99.7 99.4 99.8 100.2 100.6 100.3 
Cations based on 12 oxygens 
� 
Si 2.965 2.986 2.982 2.985 2.973 2.937 2.932 2.966 2.997 2.981 
0-, Ti 0.002 0.003 0.003 0.002 0.005 0.002 
Al 1 .984 1 .955 1 .952 1 .947 1 .980 2.0<IJ 2.002 1 .980 1 .964 1 .970 
Cr 0.002 
Y 0.001 0.003 
Mg 0.371 0.356 0.347 0.339 0.222 0.3<1J 0.330 0.327 0.319 0.273 
ea o.508 o.�1 o.527 o.531 o.743 o.63o o.628 o.561 0.620 o.732 
Mn 0.269 0.280 0.286 0.290 0.325 0.300 0.292 0.292 0.272 0.275 
Fe 1 .941 1 .946 1.946 1 .949 1 .786 1 .872 1 .876 1 .906 1 .840 1 .799 
Na 0.004 0.004 
Total 8.040 8.m3 8.040 8.041 8.m2 8.060 8.064 8.m7 s.021 s.mo 
Fe/(Fe+Mg) 0.840 0.845 0.849 0.852 0.889 0.859 O.� 0.854 0.852 0.868 
X Almandine 0.628 0.630 0.627 0.627 0.581 0.602 0.600 0.618 0.603 0.584 
X Pyrope 0.120 0. 1 15 0. 1 12 0. 109 0.072 0.099 0.106 0.106 0. 105 O.<IJ9 
X Spessertine 0.<lJ7 0.091 0.092 0.093 0. 106 0.096 0.093 0.095 O.<IJ9 O.<IJ9 
X Grossular 0. 164 0. 164 0.170 0. 171 0.242 0.203 0.201 0. 182 0.203 0.2.18 
Uni ts in O represent one standard deviation of n:plicak: analysis in terms of least units cited. 
n.d. = not detected: less than 0.03% 
n.a. = not analyzed 



















Na,O 0.11 (2) 0.13 
K,O (55) 9.36 






















,..,...._,... ... ....,.. 
GLt61-HIHi -cm W1 
...... l..A•1 
,.,.� . QI, kl <£ 
TIO ,  1.05 (5) 
Al,O, 12.9 (l) 
Ms<> 8.55 (II) 
c.o 113 (2) 
MDO 0.34 (J) ""° UUI (Z) 
Na,O IAO (Z) 
IC,0 0.93 (5) 
H,O 1·99 ,., 
Talll 99.6 


































































































Sik Analyzed Aapoclae 1 
!'mi.... Asl.A•1 ,c1=r, s 
£62 .16.l (6) 
Al ,O, Z'?.I (I) 
C.0 9.47 (8) ""° 0.06 (3) 
Na,O 6.22 (10) 


























H,o __ ...._ ___ _.....,_ ___ ....._ ___ __....__... __ 
Cabombuedcn l2Cl&Yfllll .. 
......... ) 
XAlmandam 
















uu .. o,.,...__.....,.._,_"..,_....,,..1.1 .... t1i-ai11111i111111. 











O.... l -lliolile 2 co  ... --ol::z':Ol.AY - �-·™ 4hei OIB2 0181 - 01&_02.l OIB2_02.2 01112_02.J - a... a... a... 
'"'e:t:: I I I UJ, :us m '3 
no, 0.06 ..... 0.03 
AJA 10.9 21.2 21.l 
YA ..... ..... ..... 
MJO 1.77 2.49 2.29 
Q,D 6.6' 7.16 1.41 
Ml() '-2' 03 4.35 
FeO 18.l 27.1 26.9 
Na,O ..... ..... ..... 
KP 
H,o .... .... .... 
T .... 99.o 91.4 99.S 
C.... baed ca lZllliJ-
Si 1.9'3 2.900 2.9)0 
Ti 0.003 0.001 
AJ 1.001 2.039 2.017 
y ... O.ll.1 8.303 on, 
Ca o.m 0.687 0.716 ""' 0.191 8.199 0.197 




If!! l.ll9 l.07li 1.11!19 
f&/(Fe+MI) O.ISO 0.8'9 0.861 
X A-..  0.613 0.'811 0.5113 
X l'yqo  0.1• OJl9'I -
X 5-lilo  8.115 (1.119 o.m 
x� 8.115 (1.119 o.m 
U-•O,..._ca ........ � « � ...,.. 1111 -- of lllll: llllillalld.. 
a.d. = • dltllJlllld; t-.1bmO.OJ'I, 
n.a = .. ...,_.. 
0....1-lliolile l _ ....,_ ol  
=OUY-111,.�-
SileAollyad 0182 - OlBJ..0....A•a - -,.,.,... m. 37.0 '" ''°• 0.06 (1) 
AJ,O, 10.7 (I) 
Y,O, ..... 
MJO 2.99 (11) 
Q,D S.92 (1) 
Mo() 3.91 (3S) 








3.17 , ... 







J..a (5) .., 


























c....-.i .. 11...,_ c.... ........ 11 • ..,_ 
Si 1.913 ,.,91 
Ti O.OtM 0.31, 
AJ l.964 2.931 
Ma 0.3'8 2,477 
Ca 0.,10 
Mo 0.271 0.007 




T .... I.Ott iiw 
fel(Ft+MI) O.IM6 o.,m 
x ......_. 0.631 
x..,_ 0.116 
x �  0.11111 
XO__.., 0.164 
l11i11 1D (} ,..... _ ....._. .._ d ....., ....,_ 1A  ..... d lllllt - ciN.  
n.lll = lllll .._.  ..... 0.CJM, 
.... = ..... ,.. 
198 
o.- l-8ialilt 1  ___ o1 
=GUY-Hi.. =• 
SileAoliyad 01111 0181 - OlBlpva 011111 ... a - a.- -
l ol A= ' ' 
s;o, JU (1) lM (3) ''°• O.tM (1) l.19 , ... 
AJA 10.a (I) 15.9 (1) 
Y,O, ..... 
Ma<> 3.01 (6) 11.10 01> 
Cal 6.03 (SJ 0.03 (0) 
Ml() 3.6' (6) 0.11 (I) 
FeO 19.3 (1) 11.7 (1) 
Na,O a.cl (I) 0.11 (2) 
K,O 9.09 01) 
H,O >• (2) 
Tef 99.3 97.1 
Colica baed oo llo",)'- c.... -.i oo ll 0&yF• 
Si 1.954 ,.m 
Ti 0.003 0.313 
AJ l.979 1.193 
Ma 0.36) 1.560 
Ca o.m O.OtM 
Mo 0.1'0 0.016 




ye, 1.1155 lS.633 
�Fe+MI) 0.114.S 0.416 
x� 0.6]6 
x..,_ 0.116 
X 5-ltio,  O.IB> 
XO_..., 0.16& 
u. = lllll..-Yaid 
Garae1 liiil:l:l..,._ 1 .,....==•(=0U68- 111,.hi= 
Sile Aaolyud 01PI OlPI 01PI OlPI - 02PI_Oll 01PI_Oll 01PI_O.,.Aval'ZS 01PIJ....A•a - 0- a..., a... .....-'"'== I I ' LS, ll.l H9 )"7 55.1 (3) ''°• O.tM o.ca 0.0, 
AJA 10.'9 20.'5 10Jl3 27.IS ,,. 
YA o.d. ..... o.d. 
MJO 3.03 2.71 1.93 
Q,D S.92 5.59 6.11 9.33 (1) 
Mo() 3.16 3.6' 3.11 
FeO 11.3 30.l 29.3 O.l (1) 
Na,O o.d. 0.06 o.d. 6.15 (SJ 
KP 0.06 
T .... 100.1 •1 99.1 91.1 
� - 00 11 00)'- c.... -.i  .. ,....,_ 
Si lJM6 2.941 2.9'6 2.'31 
Ti 0.001 0,00, 0.003 
AJ 1.919 1.n, 1.917 l."6 
Ma 0.3'9 0.331 0.352 
Ca O.SIM 0.490 0.'27 USS 
Mo 0.160 0.1'1 0.16' 
Fe 1.1114 2.070 1.97S 0.007 
Na 0.003 0.009 0.003 0."1 
K 0.004 
Total '·!!? 8.0:zi 8.056 5.011 
Fe/(Fe+MI) O.IMO 0.861 0.149 Ao 0.451 
x - 0.627 0.6.9J 0.633 All 0.546 
x ,,_  0.119 0,10, O.lll K 0.003 
x s_,;o,  O.ta O.IB> 0.815 
x a.....i.  0.1611 0.156 0.169 
U.. iD O ,.... _ --.t. ...._ o1 ..,... ...,_. .,  .... ol lllllt - alllll  
a.& � 11111 ......._ ._._0,CIM, 
11.a :;z: IIIII IIIIIJal 
Gamet anal�sc,s from Li= O.urch = sam�e GL1511 - meia&:;:�atke 
Site Analyzed Gamet I Gamet I Gamet I Garnet I Gamet I Garnet I Garnet I Gamet I Gamet I Gamet 2 Gamet 2 Gamet2 Gamet 2 Gamet 2 Gamet 2 
Position GI_Riml Gl_Rim2 Gl_ Rim3 GI_Rim4 Gl_Ri1115 GI_OnA•1 Gl_Rim12 Gl_Riml3 Gl_Rim15 G2_Riml.2 G2_Rim2 G2_Rim3 G2_0n_A•1 G2._11.2rim G2_12rim 
l c( Anal I I I I I 6 I I I I I I 7 I 
SiO ' "37.6 "37.6 "37.6 "37.6 37.6 37.J (2) 37.S "37.1 "37.4 "37.4 37.2 "37.1 37.0 (I) 37.5 n.5 
TiO z 0.03 0.05 0.07 n.d. 0.04 n.d. n.d. n.d. 0.05 0.09 0.04 0.03 n.d. 0.04 n.d. 
Al,Ol 20.8 20.9 20.6 20.8 20.6 20.8 (2) 20.9 20.6 20.6 20.7 20.6 20.7 20.5 (2) 20.9 20.9 
o,o, 0.09 n.d. 0.16 0.07 0.13 0.06 (4) n.d. n.d. n.d. n.d n.d. 0.05 0.10 (4) n.d. n.d. 
v,o, n.d. n.d. n.d. n.d. n.d. 0.05 (9) n.d. n.d. n.d. n.d. n.d. 0.15 0.42 (12) n.d. n.d. 
Mg() 0.96 0.99 1.12 1.26 1.43 1.56 (8) 1 .4.1 1.42 1.17 0.911 1.33 1.49 1.73 (3) 1.40 1.27 
CaO 13.7 13.9 13.0 12.2 I I. I  10.4 (5) 1 1 . l  1 1 . 1  12.4 14.6 1 1 .9 10.5 9.8 (I) II.I 12.0 
MnO 8.04 7.61 7.94 8.35 8.13 8.34 (16) 8.29 8.24 8.13 7.57 8.19 8.38 8.5-i (12) 8.07 8.20 
FeO 17.7 17.9 18.2 18.9 20.2 20.4 (3) 20.5 19.6 18.7 17.9 19.5 20.4 20.3 (3) 20.0 19.0 
Na 20 n.d. n.d. n.d. n.d. 0.03 0.03 !21 a.d. n.d. 11.d. 11.d. n.d. n.d. 0.04 !21 n.d. n.d. 
Toca! .. 8 99.0 .. , 99.1 99J 91t9_ 99.8 911.1 -.5 ?ll__ - Sl!l,9 21!.8 .. 4 99.0 911.8 
a.tions hued on 12 oxysens 
Si 3.010 3.<0l 3.016 3.013 3.016 3.003 2.996 3.<0l 3.015 2.9119 2.999 2.995 2.998 3.007 3.007 
Ti 0.002 0.003 0.004 0.002 0.003 0.005 0.002 0.002 0.003 
Al 1.966 1.968 1.948 1.960 1.945 1.969 1.9'10 1.965 1.957 1.952 1.959 1.967 1.960 I.� 1.974 ..... 0 0.006 0.010 0.005 O.<Ol 0.004 0.003 0.006 
y 0.002 0.007 0.018 
Mg 0. 1 1 5  0.118 0.134 0.151 0.171 0.188 0.110 0.172 0.141 0.116 0.IS9 0.179 0.209 0.168 0.152 
a, 1.172 1.191 1.122 1.046 0.955 0.897 0.949 0.963 1.073 1.250 1.025 0.906 0.852 0.956 1.033 
Mn 0.546 0.520 0.540 0.566 0.552 0.569 0.561 0.566 0.555 0.513 0.559 0.574 0.586 o.s.is 0.557 
Fe 1 . 185 1.196 1.225 1.262 1.355 1.374 1.372 1.332 1.257 1.194 1.315 1.381 1.375 1.339 1.278 
Na 0. 0.004 0.001 0.006 
Tocal 8.002 8.004 7.999 8.003 8.009 8.009 8.018 8.006 8.001 8.020 8.018 8.014 8.011 8.001 8.001 
Fei(FttMg) 0.912 0.910 0.901 0.893 0.1188 0.880 0.890 0.886 0.899 0.911 0.892 0.885 0.868 0.889 0.894 
X Almandine 0.393 0.395 0.405 0.417 0.447 0.454 0.450 0.439 0.415 0.389 0.430 0.454 0.455 0.445 0.423 
X Pyrope  0.038 0.039 0.044 0.050 0.056 0.062 0.056 0.057 0.047 0.038 0.052 0.0S9 0.069 0.056 0.050 
X Spe1senine 0.181 0.172 0.179 0.187 0.182 0.188 0.184 0.187 0.183 0.161 0. 183 0.189 0,194 0. 182 0.184 
X Grossular 0.388 0.394 0.371 0.346 0.315 0.296 0.311 0.318 0.355 0.407 0.335 0.298 0.282 0.318 0.342 
Uwi1 0 -• - - dt,,illioo rl  ...... -..l,-m rcnmrl--cilcd. 
...i. � - ddodat; i.. ,._ nm"' 
a.a. = 1101. aulyzed  
_ _  _,_oll..-ft)'c..llQoony_.. 
GLISI I - mdlpayMttc 
Sile Aaolyad Malrii; Biouk I Malri1Bioti.1e2 - MBI_A•t �·· 
'°'¢:$: 3 
SI() I J6.6 36.1 (2) 
Ti0 1 1.77 2.m (2111 
.u,o, 16.$ 16.2 (I) 
M,o 10.I 10.9 (]) 
c.o o.m 0.06 (]) 
MIIO 0.38 0.31 (6) 
FeO II.I II.I (I) 
Na 1o 0.01 0.07 (0) 
K10 9.79 9.68 (II) 
H10 3.89 ]JIil (I) 
FaO 
o,o 0.0, 0.0, (l) 
TCllal 91.8 •• 
� - OO J2 0I)'-
SI 5.607 5.629 
Ti 0.2115 0.233 
Al 2.916 2.919 
Mc 2.461 2.411 
ca 0.00< 0.010 
Ma O.<M9 0.069 
Fe UII 2.402 
Na 0.()2,l O.OZ2 
K 1.912 l.l90 
H 
a 
T .... 100 IMP 
Fe (Fc+Mf) 0.49' 0.492 
U..m() ..... GM...,.....,._&Jf,.._....,_ ..... of .... _.cnd. 
a.d. = DDl � -daO.o.,,I, 
u. :11110t..aya.1 
0.- � 2-aalymaolUm")'C..• 
Qoian)' •mplc OLl51 I -.,......,,_a:. 
Sila AMly...i 0182 0282 - a. .. , Bi•I 
'°'Mt: 2 
SI() '  37.6 36.9 
TiO i O.<M 1.61 
.u,o, 20.9 16.A 
o ,o, 0.05 
Y,01 o.4. 
M,o l.<M 10.79 
a,o 13.1 o.m 
Ma() 1.7' Q.41 
FeO 11.1 11.9 




T .... 99.3 





































Olioa -.i oo l2 - Cllioal Nlltd m 22 oay,e• 
Si 3.000 5.631 
Ti 0.003 0.1111 
Al 1.966 2.955 
er 0.00< 
Mc 0.12'0 2.'60 
ca 1.1111 0.005 
MA 0.52,0 0,0'6 





T .... 1.01' 15.659 
FeiCFe+Mc> 0.901 0-'96 
X Alm1odiac 0.399 
x..,_ 0.<MI 
x 5-.,_ o.rn 
XGroaular 0.319 
Um• m()..,...._ ............. ol,._..malymm ... �._...,atd 
Plq;o<loa ..i,.aolUtuy �Qoony--
GLl511 - me ... raywsu 
Sila AoolylOd l'lq l  P1a1 2 Pia&] - PI..A'I P2....A•1 P3..A•1 
'°'¢:$: 5 
SI0 1  ,a.1 (1) ,a.o (J) ,a.o 
Al,o, 25.9 (6) 25.1 (]) 26.0 
a,o 1.81 (61) 8.55 (l'I) 1.91 
FeO 0.05 (0) o.m (Z) 0.03 
Na ,O  6..!11 (39) 6.73 (20) 6.� 
K,O 0.10 (2) 0.19 (6) Q.20 
T .... "·5 1111.2 1111.1 �-... ..,_ 
SI 2.612 2.611 2.601 
Al I.J"73 1.J61 1.m 
Ca 0.'16 u1, o.� 
Fe 0.001 0.001 0.001 
Na 0.57, 0.5119 0.!61 
K 0.006 0.011 0.0ft 
J,W <1.912 <1.999 +• 
Aa 0.'13 0.- 0.421 
A. 0.571 0.!111 0.'61 
K 0.005 0.011 0.011 
Ulill•o..--....._. ....._o1,..-....,_in.,.of1a1tlllli•ca11i1L 
a.d. = not clMadad: ._daO.atlo 
a.a. =•...,_ 
0..- � 3 -aalymaolU.")' � Qoony ---
Gl.151 1 - ---a 
Sil< Aaaly...i G1m G1m 0283 G2!D - 028)_01 02113_03 0283_<U AY.lli. 
'°'¢:$: 3 
SI() .  :r,,1 :r,., :J'I.$ 36.1 
TIO , 0.09 0.07 a.d. 1.31 
Al,<>, 20-1 20-1 10.6 16.5 
o ,o, 0.01 0.11 0.11 
Y20:, a.cl. ..... o.4. 
M,o 1.10 1.11 1.15 II.� 
a,o 13.1 12.9 12.1 O.<M 
MIIO 1.� 1.9' 1.9' O.«l 
FeO II.I 11.3 11.1 IU 
Na ,o ..... a.d. a.d. 0,05 
KiO 9.11 
H2o 3.90 
o,o H .... 0.09 


















Clliom - oa ll oay- Clliom - oe 22 my-
Si 3.013 3.001 3.0" 5.611 
n 0.006 0.- o.uo 
Al 1.953 1.960 1.954 2.979 
Cr 0.005 0.010 0.001 
y 
M1 0.131 0.13' 0.131 1.601 
ca 1.173 1.11, 1.003 0.006 
Ma 0.,07 0-"1 0.500 0.052 





T .... 1.001 8.002 8.004 15.'lllD 
Fel(Fe+MI} o.9m 0.902 0.901 o.,16 
XA-- 0,«)J 0.401 UIS 
x� 0.00 o.ou 0.°'6 
X 9-- 0.168 0.179 0.111 
X GroaLLlar 0.3811 0.369 0.361 
ummo...----..... ...... ,:1,.,..,_.,-ui .... t:1 .... ..- cdld.  
a.4.=llllt......_ ...... O.Gfto 





























AMP. - amphibolite 
B. - black 
BI. - biotite 
C.G. - coarse-grained 
FELD. - feldspar 
GAR. - garnet 
GG - granitic gneiss 
H. - hornblende 
HLEUCO. - hololeucocratic 
LEUCO. - leucocratic 
MEGAC. - megacrystic 
MGW - metagraywacke 
MUS. - muscovite 
MYOL. - mylonitic 
SAP. - saprolite 
SILL. - silliminate 
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Crystal Gayle Wilson was born January 29, 1979 in Atlanta, Georgia to James 
D. Wilson and Brenda J. Daughtry-Ford. Aside from living in the Valley and Ridge 
of northwest Georgia for -6 years of her young life, Crystal was raised around the 
crystalline rocks of the Georgia Blue Ridge and Inner Piedmont in Gainesville, Jackson, 
Columbus, Alto, Carrollton, and Atlanta. While attending Gainesville Community 
College, Crystal was persuaded by Dr. Lewis Rodgers and Chris Semerjian to pursue 
an Associate of Science in Geology, complemented by a certificate in Geographic 
Information Systems. The dedicated and personable staff of Gainesville College played 
a vital role in instilling a new-found passion for the natural sciences. From Gainesville 
College, Crystal went on to State University of West Georgia, where again, a fantastic 
faculty fostered and trained a young geologist. As an undergraduate, Crystal was 
fortunate to participate in a number of research/job opportunities that took her from her 
Georgian home to Puerto Rico to Colorado, covering a range of topics from GIS/spatial 
analysis, soils· and engineering, water quality, coastal geology, metamorphic petrology, 
and geoscience education. Despite interest in and enjoyment of all of these projects, 
Crystal wanted to work on southern Appalachian tectonics research with a field-intensive 
component. This opportunity was available under the advisement of Dr. Robert D. 
Hatcher, Jr. at the University of Tennessee. Upon completion of a Master of Science 
in Geology, Crystal will begin a career in geoscience education at Appalachian State 
University in Boone, NC. 
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